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ABSTRACT 
The distributions of the large, mud-dwelling, intertidal 
invertebrates, and the sediment characteristics were determined within 
Spartina anglica marshes and in adjacent areas of open mud at two sites 
at Lindisfarnet Northumberland. In an area of fine sediments, Spartina 
marsh had higher carbonnitrogen, interstitial water and silt/clay con- 
tents, and a shallower redox-potential-discontinuity, than adjacent open 
mud. In an area of coarse sediment no differences were found between 
sediment characteristics of Spartina marsh and open mud. Both total 
numbers of individual macroinvertebrates, and their species diversity, 
were greater in open mud at the fine sediment site, but in the. Spartina 
marsh at the coarse sediment site. These findings are related to known 
tolerances of the different species to various physico-chemical para- 
meters. 
Detailed studies of Corophium volutator and Hydrobia ulvae 
indicated that at the fine sediment site both species were larger within 
Spartina than on open mud. At the coarse sediment site, there was no 
difference between Hydrobia size inside and outside Spartina. Densities 
of both species were inversely related to siit/clay contents above 507c. 
Not only particle size was implicated in this relationship. Estimates 
were made of the extent of predation on both species (using exclosures) 
and of their movements in the field. 
Few shorebirds utilised the Spartina. zone for feeding. 
Most important was the Redshank (between 28% and 62% of the Lindisfarne, 
population)q and second the Dunlin. Major prey taken by Redshank were 
determined and its effect on the prey estimated at two sites within the 
Spartina zone. These estimates differed from those detected by exclos- 
Me 
ures because local movements of Corophium and Hydrobia tended to affect 
densities within and outside the exclosures. 
The utilisation of Spartina by shorebirds is related to 
the corresponding distribution of their known prey species at Lindis- 
farne. Further spread of Spartina would reduce suitable feeding areas 
for several shorebird species. 
iv. 
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CHAPTER 1. INTRODUCTION 
Cord-grass Spaxtina anglica is a common plant in the 
higher intertidal zones of many mudflats axound the British coast. 
It can spread rapidly both downshore and into established saltmarsht 
and has been used widely for reclamation of intertidal land for 
agriculture (Ranwell 1972). Little is known of the animals assoc- 
iated with it, or of any changes in the composition of intertidal 
mudflat animal communities resulting from its spread. This thesis 
describes investigations on the latter topic, and on the effects of 
loss of mudflats to Sp2Stina on the shorebirds which feed in the inter- 
tidal zone. The study was carried out on the Lindisfarne National 
Nature Reserve, Northumberland. Fieldwork was undertaken chiefly 
between October 1971 and September 1974 inclusive. 
i. origin and spread of Spartina in Britain. 
The discovery of SpýEtina Townsendi in 1870 near South- 
ampton and its recognition as a new species is well documented by 
Huskins (1930) and marchant (1967). Huskins also discusses circum- 
stantial evidence suggesting that it arose as a hybrid between 
S. maritima and S. alterniflorao His cytological evidence supported 
this theory and further suggested that the original hybrid was a 
male sterile formg propagating itself vegetativelyl and that around 
1890 doubling of the chromosome number took place to produce a 
fertile seed-bearing plant. Marchant, (1963,1967,1968a, 1968b) re- 
investigated the cytology, of the genus and showed Huskins' original 
chromosome counts to be incorrect, although his own still supported 
the hybrid origin and exact parentage of the species. 
1976 
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In 1968 the fertile form was named Spartina anglica 
(C. E. Hubbard 1968). The sterile hybrid S. Townsendi H. and J, Groves 
is now named S. x. townsendii Ho and J, Groves and the species is 
known collectively as S. townsendii (sensu 
The rapid rAatural spread of S, townsendii along 
the south coast of Britain, and its subsequent deliberate planting 
up the east and west coasts of the country as far north as the 
Cromarty Firth,, have been described in detail by Hubbard and 
Stebbings ý1967). They estimated the total *rea of S. townsendii 
kj. l. ) around the coasts of Great Britain to be 12,140 ha (29,742 
acres), although S. townsendii H. and J. Groves is found in quantity 
only below Hythe in Southampton Water and probably occupies no more 
than about 20 ha (50 acres) in Great Britain at the present time. 
'SRartina 
marsh typically consists of a continuous sward 
bounded on its seaward side by a zone of isolated clumps. Ranwell 
(1964b) described the pattern of spartina ma sh formation at Bridq- 
water ]3ayv Somersetv and estimated that Spartina, cover in the clump 
zone increased by about 2%o annually. Wilson (1969) found an annual 
rate of spread of between 3% and 11% on the foreshore at Lytham 
st. Annes. At the,, *pW levels of the shoref Chater and Jones (1957) 
estimated that Spartina in the Dovey estuary could, ý, J; xvade the 
puccinellia zone at a rate of up to 15 cm per year. It is generally 
accepted that the downshore extent of Spartina marshes does not go 
rnzv, ýý 
beyond levels receiving/ý hours submergence in the tidal cycle 
(Ranwell et al. 1964). 
ii. Effects of s2read of Spaxtinal. 
Artificial introduction of Spartina followed the realis- 
3. 
ation that it was able to colonise unstable estuarine mudq accrete 
silt and hence prevent erosion. Its extensive ramifying rhizome 
system, together with the stouter vertical anchoring roots and hori- 
zontal stolonsý accumulate silt particles and raise the marsh level. 
They are aided by leaves and stems which offer broad surfaces to the 
-silt-bearing tidal water. These also break up the tidal eddies 
which would otherwise remove the accumulated mud. Ranwell (1964a) 
measured the accretion rate at Bridgewater Bay, Somersetp over two 
years and found that up to 10 cm depth of silt accreted per year in 
high level ungrazed marsh. 
r1anting of S. townsendii has enabled large areas 
of land to be reclaimed. The most successful reclamation scheme was 
the Sloe Dam area of Holland where large scale plantings were started 
in 1925.13Y 1950 490 ha (19200 acres) had been'reclaimed (Ranwell 
1967). Fears that harbours would be choked by Spartina have laxgely 
proved unfounded (Lambert 1964)9 although some blockage of navigation- 
al channels has occurred (Oliver 1920). It is now generally recog" 
nised that patchy degeneration of swards, or "die-back", is a 
consequence of their growth and silt accretion, Detailed investi- 
gations of "die-backlov and its possible causes,, have been made by 
Goodman (1959,1960)9 Goodman et al. (1959)9 Goodman and Williams 
(1961),, and Sivanesan andManners (19709 1972). 
iii.. previous work on faunas associated with Spartina. 
Little work has been done on the invertebrate faunas of 
Spartina marshes in Britain, Payne (1972) surveyed the insect fauna 
of Spartina marshes at Poole, Dorset, and Luxton (1964) examined the 
zonation of saltmarsh ACarina of the Burry estuaryt Glamorgan, some 
4. 
of which are associated with the Spartina anglica zone. However there 
have been no studies ofmud-dwelling intertidal invertebrates (e. g. 
Crustacea, Moýlmsca and Annelida) within Spartina swards. 
In the ss4i, tmarshes of Georgiat North Americag which 
inolude Spartina alternifloraq extensive faunal studies have been 
madeq particularly of energy flow through the invertebrate populations, 
Studies of energy flow include those of the mussel Modiolus demissus 
(Kuenzler 1961), the saltmarsh grass-hopper Orchelimum fidicinium 
(smalley 1960) and a comparison of the latter with the deposit-feeding 
prosobranch, Littorina irrorata (Smalley 1959aq odum and Smalley 1959). 
Other studies associated with the programme included the saltmarsh 
distribution of Fiddler Crabs (Teal 1958)9 the relation between 
insect populations and the growth cyclqý, of spEtina and an investi- 
gation of arthropod food chains using radioactive tr4cers (Marples 
and odum 1964, marples 1966). 
In North Carolinag studies have been made of the distri- 
bution of iusects (Davis and Gray 1966) and spiders (Barnes 1953) in 
saltmarshes which also include species of spartina. R. D. Barnes 
also investigated the fauna of a spartina marsh drift line (Barnes 
and Barnes 1954). McMahan et al. (1972) compared the microarthropod 
populations in sewage-exposed and sewage-free Spartina saltma shes. 
other North American studies of invertebrate faunas of 
6partina marshes include the distribution of the Fiddler Crab Uca 
zinax (Kerwin 1971) and the distribution of the saltmarsh snail 
Melamysus bidentatus (Kerwin 1972) in Virginia. on the west coast of 
North. &mericaq Macdonald (1969) made a quantitative study of saltmarsh 
mollusc faunas including those found in Spartina marshesv and Cameron 
(1972) analysed insect trophic diversity in a Spartina foliosa 
5. 
community. Condrey et al. (1972) determined the assimilation 
efficiency of the shrimp Penaeus setiferus feeding on the algal mat 
coating S. alterniflora. 
published studies of vertebrates which., utilise spartina 
marshes are also limited, and no investigations have been made of the 
effect of the spread of Sj2artina on those shorebirds which take inter- 
tidal mud-dwelling invertebrates in their diet. Packham and Liddle 
k1970) list the birds associated with the Cefni saltmarsht Angleseyq 
part of which contains an expanding area of Spartina anglica. In 
North America the Laughing Gull kLarus atricilla) is known to nest in 
ý:; partina marshes kBongiorno 1970), while in Germany the Black-headed 
Gull kLarus ridibundus has been observed using Spartina as a basic 
nest-building material kGoethe 1968). Reed and Moisan (1971) list 
the bird species nesting in association with the Spartina marshes of 
the St. Lawrence estuary, Canada, and also those species which use 
the marsh on migration. Heard (1970) investigated the trematode and 
cestode parasites of Clapper Rails (Rallus longirostris from 
Spartina marshes in the eastern united states. Butcher (1941) 
describes how spread of Spartina in Great Britain has reduced the area 
of Zostera available to wildfowl. 
iv. Purpose of present study, 
My study arose from an interest in the rapid spread of 
Spartina in Great Britain and the paucity of literature concerning 
the effect of its spread on the intertidal fauna. open intertidal 
mudflats, which are potential areas for Spartina colonisationg house 
an invertebrate community low in species diversity but often with very 
high densities of individual species. Apart from the inherent interest 
in factors controlling distribution and abundance of invertebrate 
6. 
populationsg there is an increasing interest in their importance to 
shorebirds ke. g. Goss Custard 19699 1970; hepplestone 1971; Prater 
1972). This has resulted from the recent and growing pressure on 
shorebird feeding grounds from reclamationg industrial development 
and pollution. . vhe potential 
loss of feeding grounds has led to 
studies of their carrying capacities and how these are affected by 
changes in the populations of important invertebrate species. 
complementary to such investigations, it was dec*ded to undertake a 
broad-basod study of the invertebrate faunas of Spartina marshes at 
Lindisfarne and how they are utilised by wintering shorebirds. 
As will be described later, the invertebrate faunas of 
various Spartina marshes and adjacent areas of open mud were compared 
to assess the probable consequence of further spread of Spartinag 
particularly as it might affect those invertebrate species important 
in the diet of shorebirds. observations of shorebird feeding 
behaviour in relation to Spartina distribution were undertaken to 
complement this study, and possible ways examined in which Opread. 
of Spartina might directly affect the invertebrates. This enabled 
conclusions to be drawn about the likely effect,. -6f 
further spread of 
Spartina on both the intertidal invertebrates and their avian 
predators. 
v. Content of thesis and rationale of the topics invest 0 
The thesis is arranged as follows: - 
A description is given in Chapter 2 of the locality in 
which the study was undertaken. The account includes an assessment 
of the importance of Lindisfarne to wintering shorebirds and the 
present extept and history of Spartina in the area. The chapter ends 
79 
with details of the main study areas selected and the reasons for 
selecting these areas. 
The silt accreted by Spartina, together with other 
sediment characteristics, are important factors affecting invertebrate 
distribution and abundance. Consequently, to evaluate the effect of 
Spartina on certain invertebrates at Lindisfarne, the relationships 
between spread of Spartina, and changes in sediment characteristics 
are detailed in Chapter 3. The following factors were selected for 
investigation for the reasons outlined below. 
a. Interstitial water content of sediment. 
This may be an important factor in determining the 
distribution of burrowing invertebrates. Both excessively dry and 
excessively wet conditions may hinder the construction or maintenance 
of burrows. Gee (1961) found that the distribution of Corophium 
arenarlum was restricted by water content and suggested that too high 
a water content may prevent satisfactory burrowing. 
b. Depth of redox-potential-discontinuity. 
Fenchel and Riedl define the transition from the 
oxidised surface layer of sediments to the underlying reduced sulphide 
layer as the redox-Potential-discontinuity (R. P. D. 
). The origin of, 
and conditions withinthe reduced sulphide layer are discussed 
by 
Perkins (1957)t Fenchel and Riedl (1970) and Eltringham 
(1971). The 
depth of the R. P. D. is known to affect the distribution of 
inverte- 
brate populations and Fenchel and Riedl 0970) detail 
those animals 
which can survive below it in the reduced sulphide 
layer. 
Salinity. 
042 
Salinity is an important factor affecting the distri- 
bution particularly of estuarine animals kGreen 1968) and mud-dwelling 
8. 
intertidal animals (Eltringham 1971). 
d. Carbon content of sediment. 
6ources of carbon in littoral sediments include both 
live micro-organisms and dead organic detritus. The live organic 
material consists mainly of bacteria, an important food source for 
deposit-feeding invertebrates (Nowell 1965). However, Meyer (1973) 
concluded that large amounts of detritus produce a reduction in the 
density of diatoms (another possible food source)q possibly by 
obscuring the light from them. xherefore the total carbon content of 
sediment provides one measure of the potential food available to 
invertebrates. 
e. Nitrogen content of sediments. 
Newell (1965) attributed high nitrogen content in sedi- 
mentslýjto high micro-organism densities and Meyer k1973) demonstrated 
that 50ý; of the variation in sediment nitrogen at Lindisfarne was 
associated with variation in viable aerobic bacteria kthe rest was 
probably associated with anaerobic and dead bacteria). Hence nitrogen 
. V- 
content provides a second measure of potential food resources available 
to deposit- and suspension-feeding invertebrates. 
]particle size. 
Newell k1965) correlated increasing silt/clay content 
with an increase in Iffydrobia ulvae density. He concluded that the 
large surface area per unit volume of small particles allowed greater 
micro-organism populations to exist, thus providing more food for 
deposit-feeders. meadows (1964) demonstrated that Corophium 
volutator prefers to burrow in sediment with smaller particle sizes. 
Fenchel and Riedl (1970) partly associated an increased silt/clay 
90 
content with a raising of the R. P. D. towards the sediment surface. in 
view of these findings, particle size was investigated and correlation 
graphs of siltIclay content with carbon and nitrogen content, and 
depth of R. p. D. are presented. 
chapter 4 is a general survey of the densities of various 
invertebrate species inside and outside areas of Spartina, both in 
summer and winter. Sources of variation in invertebrate densities 
were investigated first to decide upon the best sampling programme. 
Summer and winter densities for dominant invertebrate species from 
two main sites at Lindisfarne are presented. These are oupplemented 
with the results of two additional surveys to give an overall 
picture of invertebrate distribution in Spartina marshes at 
Lindisfarne. 
The relationship between the distribution of certain 
invertebrates and distribution of Spartinag detailed in Chapter 4, 
was investigated further to find out how SlEtina, might control the 
distribution of these invertebrates. Iwo of the commonest species 
(CoropNum volutator and Hydrobia ulvae) were selected for this study 
because of their relatively wide distribution and their importance 
in the diet of shorebirds (particularly of the Redshank, Tringa 
totaR2. sj . Results are presented in Chapters 
5 and 6. In both 
species the mean size and mean dry weight of animals inside and out- 
side Spartina were compared to determine any differences in growth 
I 
rate. The relationships between densities of the species and silt/ 
clay content of the sediment were determined to assess the effect of 
the high silt/clay content found in 8partina, on the two species. The 
behavioural response of Corophium to sediment within Spartina was 
studied and compared wi th that on open mud. An attempt was made to 
10* 
determine the effect of predation on both species by use of 
exclosures. Differing predation rates inside and outside Spartina 
are a potential cause of differing densities and size distributions 
of the invertebrates. Since movements of the species could affect 
the exclosure results, a study was made of the distance moved by 
both species during a small number of tidal cycles. Studies of 
Hydrobia movement were made both in the S rtina areas and on the open 
mud; but studies of Corophium movement were restricted to the open 
mud because of its low density within Spartina. 
Chapter 7 considers how the spread of Spartina has 
affected wintering shorebirds at Lindisfarne. Moreoverv since this 
thesis is concerned with factors affecting the distribution and 
Iýbundance of invertebrates in Spartina marsh, there-is. a need to 
investigate the effect of shorebirds as predators of these inverte- 
brates. Consequently this chapter discusses firstly, those species 
of shorebirds which were found most often in areas colonised by 
spartinaý and secondly, to what extent the birds utilised these areas 
by choice or necessity. Finallyq the predation pressures exerted by 
the birds on the invertebrates have been estimated for comparison with 
the results of population changis of invertebrates within the exclos- 
ures (Chapters 5 and 
Detailed discussion of the data is deferred to Chapter 
8. The form of Spartina occurring at Lindisfarne is S. anglica 
and is referred to as Spartina throughout the text. When first 
introduced, invertebrate species are referred to by their specific 
names and thereafter only by their generic names. speeific names 
of birds encountered in this study are given in Table 26, p 86. 
1 le 
Abbreviations used in the thesis are as follows: - 
EHNS - extreme high water springs tidal level 
MHWS - mean high water springs tidal level 
MEWN - mean high water neaps tidal level 
S*E. - standard error 
Probability values of 5% or less are taken as significant. 
12. 
CHAPTER 2. sTuDy AREA 
Description. 
The Lindisfarne National JTature Reserve is situated on 
the north Northumberland coastg approximately 80 km (50 miles) north 
of Newcastle-upon-Tyne. The imnediate hinterland is agricultural 
land with some low moorland (approximately 180 m high). The Cheviot 
hills (approximately 800 m high) are situated about 16 km to the 
west. Berwick-upon-Twee* (12,000 inhabitants) is the nearest townt 
about 13 km to the north. The nearest industrial areas are Tyneside 
to the south and Edinburgh which is about 150 km to the north. 
Lindisfarne (Fig. 1)t which was designated a national 
nature reserve in 1964, covers an area of about 3tOOO ha (12 sq. miles), 
consisting mainly of intertidal mud- and sandflatsv saltmarsh and 
sand dunes. It is famous particularly for wintering wildfowl and 
shorebirds, although some good examples of dune flora are found on 
Hrvoly Island. Shooting by permit is allowed on the main flatsq but 
is prohibited on the two wildfowl refuges, Budle Bay and Goswick 
C! -% 
Sands. Mussel collecting by permit takes place in Budle Bayp but 
did not affect ny study. 
Importance to birds. 
Lindisfarne occupies an important geographical position 
for shorebirdsv the nearest comparable estuaries being the Forth 
(80 km North) and Teesmouth'(130 km South), both of which are threat- 
ened by reclamationg industrialisation and pollution* ACcoUnts of 
wader movements on Fenham Flats (Fig. 1) are given by Chapman (1907)9 
Perry (1946) and Brady (1949). Recent maximum winter wader counts 
by the Nature Conservancy have included 220000 Dunlin (Calidris 
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alpina and 6,700 Bar-tailed Godwit (Limosa lapponica I in 1973/74, A-) 
and 119000 knot (Calidris canutus) and 1,300 Redshank (Tringa totanus) 
in 1972/73. Lindisfarne is well known also for its wildfowl and is a 
popular wildfowling area f or the North-East. in the winter 1970/ 71 
m=imum wildfowl counts included 279000 Wigeon (Anas penelope), 
1 . 000 pale-bellýed Brent Geese (Branta bernicoLa) and 430 Whooper 
Swans (Cygnus The importance of the area is emphasised by 
the total sum of the maximum counts of all shorebird species in 1970/ 
71 (33,320). which ranked the area eleventh in importance amongst 
]British estuaries. It is recognised as a Wetland of International 
importance under the Ramsar Convention. 
iii. S12read of Spartina. 
spartina was first planted at Lindisfarne in 1929 at a 
site adjacent to the windpump (Fig. 1). since then it has spread 
considerably. Hubbard and stebbings k1967) estimated that it occupied 
an area of about 36 ha in 1963, Using aerial photographs taken in 
1969,1 estimated the total area of p2artina at Lindisfarne to be 
about 40 ha. Current clistribution of Spartina is given in Fig. 
Clearlyq recent spread has been maintained so that it now occupies 
much of the zone between IMHWS and 200 m downshore, on the landward side 
of the Reserve. 
jLn some areas, particularly Elwick-Whitelee Letch and 
near the Causewayq extensive swards have developed. Beyond theseq 
'pioneer# clumps are foundq which deczease in number downshore until 
the limit of Spartina growth is reached at between 200 m and 300 m 
below IIHWS. There is also variation in Spartina, growth alongshore. 
Both the density and height of culms varies, often in accordance 
14& 
with the type of. sediment. At Whitelee Letch, where the sediment is 
very fine and soft, the culms appear taller with a higher density 
than at Cockly Knowesv where the sediment is coarser and firmer. 
Chater and Jones (1957) suggested that sand causes stunted growth of 
Spartina. However,, Spartina is known to grow well on sediments rang- 
ing from clays to gravels, although maximum heights, of over 1 m,, are 
found on silts. Braybrooks 0957) concluded that the degree of 
shelter was important to Spartina growing on a sandy sediment. The 
variation in shelter at Lindisfarno may well account for the differ- 
ing forms of, S_pa.; tina growtho 
During the course of this study, the recent increase in 
the rate of spread of Spartina seemed to be maintained. I noted the 
appearance of new clumps in hitherto uncolonised areas, and an 
increase in the density of clumps in existing areas. It seems likely 
that this will continue unless action is taken to curb its spread. 
iv. 6election of study areas. 
An ideal study of the effect of spread of Spartina on 
intertidal invertebrates would require the monitoring of changes over 
several years in the invertebrate populations of an area as Spartina 
spread across it. Since limitations of time prevented this form of 
study,, it was decided to compare areas already colonised by Spartina 
with adjacent areas at an equivalent tidal levelt areas which differed 
only, as far as possible, in being free of Spartina. using this 
criteriont two sites were selected (Fig. 1), one in an area of 
fine 
sediment and vigorous Spartina growth at Budle Bay (Site B)q and one 
in an area of coarser sediment and more stunted Spartina growth at 
Elwick-Cockly Knowes (Site E). The majority of invertebrate studies 
15. 
were carried out at these two sites, although subsidiary studies were 
made at Elwick-Whitelee Letch (Site W), Fenham Mill and Teal Hole. 
Site 
-B 
is shown in Fig. 21 together with the position of 
transects, exclosures, and the bird observation area. The site con- 
sists of three well defined areas; a dense sward of Spartina, an area 
of Spartina clumps interspersed with patches of open mud, and an area 
of open mud.. The density of Spartina within the sward was measured 
by counting the number of culms in at least 100 10 cm x 10 cm random 
(S. C) 
2 
quadrats and found to be 238 ± 23.4 / per m Between MHWW and EajWs lies 
a saltmarsh community penetrated by many ramifying creeks. To the north 
west of the site is a freshwater burn, Ross Low. The area is 
relatively undisturbed by humans during the winter months. 
Site E is shown in Fig. 3, together with the position of 
the two transects. The site consists of a southern area of open muddy 
sand and a northern area of Spartina, clumps interspersed with patches 
of open muddy sand. The mean density of Spartina within the larger 
+ 
(S. F-, )2 
clumps was found to be 162 21.9/culms per m upshore of the site is 
a track running parallel to the shore and then an extensive area of 
sand dunes. k, rom september to February the area is frequented by 
wildfowlers. 
The extensive area colonised by Spartina at Lindisfarne 
Provides a variety of conditions for wintering shorebirds. In 
particular, different areas may vary in the type of prey and shelter 
offered to the shorebirds. Consequently, two contrasting sites were 
selected for observations of shorebirds feeding 
in association with 
Spartina. 8ite B at Budle Bay (described above) was selected as a 
relatively sheltered area, free from wildfowling disturbance and 
known to contain Corophium volutator, a potentially important prey 
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16. 
item. Site W at Elwick-Whitelee !, etch (-b'ig. 4) was selected as a 
more exposed area where wiidfowling occurs and Corophium is known to 
be absent from the very fine sediment. A dense Spartina sward 
extends downshore from MS for about 50 m. Beyond this are Spartina 
clumps, progressively decreasing in density downshore. Upshore of the 
sward is a track, continuing round the coast to Site E, and a low 
bank about 2m high. In addition to shorebird observations, this 
site was also used for a subsidiary study of the invertebrate fauna 
of Spartina (Chapter 4, iii) and a study of variation in invertebrate 
density (Chapter 47 
Relevant details of the minor study areas, Teal Hole and 
Fenham Tý, ill, are given in the appropriate section. 
17. 
CHA-PTER 3. THE EeFECT U' THE PRESENCE OF 
SPARTINA ON SEDIMENT CHARACI. VERIsTICS 
General method. 
measurements of each characteristic were made at a 
number of sampling stations along the three transects at Site B 
2), and the two transects at 8ite E Vig. 3), and thus gave 
information on the sediment characteristicsboth in areas of Spartina 
and in adjacent areas free of it. Individual sampies were labelled 
according to the transect from which they were taken, and the 
distance, in metres, of the station from AMJSq e, g. ES 150. 
ii. Presentation of results. 
At both Sites B and E:, the results from the transects 
through open mud (transects BM and EaVI) were analysed for the presence 
or absence of a trend along each transect in the values for each 
sediment characteristics. Any such trend was detected by calculating 
the value of the gradient (b) and then testing it for significance 
as illustrated below. A relationship of the type: 
sediment characteristic (y) = b. distance from MEVIS (x) +c 
was assumed. 
18. 
e. g. 6alinity - Transect BM 
Dissolved salts in g per kg Distance from 
of seawater. (Y) YIHWS (m) . 
(x) 
37-46 0 
36.00 30 
36. oo go 
33-80 150 
34-54 210 
sum of y= 177-80 sum of x= 480 22 
sum of' y= 6330-70 sum of x= 756oo 
sum of xy = 16643.4 
Gradient b um of xy - (sum of X) 
n 
(sum of Y)l 
Sx 
2* 
b 16643.4 - 17o68.8 
756oo - 46080 
- 0.014 2** 
Standard error of slope (SE 
x 
b) Sx 
6 
SEb " 
ýýI 
=4F22-; 530 
0.00469 
Test of significance: 
t ýn - 2) =b SEb 
0.014 
0 . 00467 
i. e. t3=2.9851 P>0-05 
no trend was present. 
-------------- 222 
*SX = sum of x- Oum Of X) 
n 
SY 
2= 
Sum Of y2- (SUM of-Y) 
2 
n 
2 
= 
2* 
SY ( sum xy - (sum X) (sum 
L Sx 
2 
ri - 
190 
In the absence of a trend for any chosen factor, the mean and standard 
deviation of the values from the open mud baseline') transect were 
calculated. Samples from the other adjacent transects were then com- 
pared with the baseline mean by calculating t for each sample as 
shown: - 
t= 
where d- difference between saxaple and baseline mean. 
cr= standard deviation of baseline transect. 
t was then looked up in Student's t distribution table at n-1 
degrees of freedom. rhis technique tends to underemphasise any 
difference that may exist and is thus a more powerful test than 
comparing pairs of samples at equivalent tidal levels. 
iii, Interstitial water content of sediment. 
Samples were collected on 25/7/74 between 3 and 7 hours 
after high water. At each station a glass tube, 13 cm long and 
2.6 cm in diameter, was screwed into the mud and a rubber bung inserted 
into the top. The tube was then screwed out and another bung inserted 
into the bottom, This procedure was used by Fraser 0932), Stopford 
(1951)'g Southward (1953)9 and Gee k1961). The depth of water above 
the sediment in the tube was noted, together with the depth of the 
R, P, 1j. ( see iv. below). The tube contents were then emptied into a 
watertight jar and returned to the laboratory. After initial weighingg 
the mud was dried at 105 
0 C. for 48 hours and then reweighed. 
The depth of water overlying the sediment varied consider- 
ably throughout the area. To make meaningful comparisons of the inter- 
stitial water, the weight of water overlying the sediment in the tube 
- 
kcalculated from the volume measured) was subtracted from the weight 
20. 
of water found by drying. 
Results (Fig. 5& Table 1): - 
Results from within Spartina at Site B gave inter- 
stitial water contents significantly higher than the mean for the 
baseline transectq the highest percentages occurring within the dense 
sward of transect BS. At Site E no significant differences were 
found between the water contents of the two Spartina samples (ES 60 
and ES 90) and the mean for the baseline transect. The high value 
for sample ES 0 may have resulted from freshwater runoff from land 
immediately behind the shore, and the low value for sample ES 150 
from an anomaly in the drainage pattern of the sediment. 
iv. Depth of redox-potential-discontinuity. 
, M,,, e,. asurement of 
the depth of the R. P. D. was made during 
the collection of samples for estimation of interstitial water contentv 
described in iii. above, 
Results (Fig. 6& Table 2): - 
Statistical analysis revealed a gradient in transect 
BM and it was therefore not possible to compare individual samples in 
transects BS and BC with a baseline mean. Howeverv it is clear by 
inspection of the results that the depth of the R*P. D. in transect BS 
was considerably less,, particularly within the Spartinag than that 
.II 
found in the open mud. Also, in transect BC9 sample BC 90 had a 
relatively shallow R. P. D., while towards the shore, the depth of the 
R. P. D. was less than in the corresponding section of transect BM. 
At Site E no gradient existed in the depth of the 
R. P. D. in transect EM and a direct comparison was made between 
individual samples of transect ES and the baseline mean, Surprisingly, 
39.4 73.1 70.2 73.3 16.0 BSA 
33.1 34.1 44.1 53.1 20-1 BC A 
33-2 16.9 17.5 17.4 18.6 BM, 
28-9 19.8 18-8 13.9 20.0 ES' - -II I I 
20-7 19.1 19-7 22-0 19.3 EMt -II I i - ---. 
0 30 60 90 120 150 180 210 
Distance from MHWS 
t(BM) = 1-172P P>0-1. . *. no trend. Mean = 20-72 
t (EM) = 0.043, P>0.1 no trend. Mean = 20-16 
*= sample f rom within 
Fig. 5. Interstitial wa ter as a percentage 
of sediment wet weight. 
i 
(1) 
U 
U, 
C 
0 
I- 
933 10 
BS' 
20 20 10 20 20 
BC 
5 
BM 
40 25 20 18 
20 
ESL 
'4, 'P 
15 10 13 10 12 
EMI IIII 
0 30 60 90 120 150 180 210 
Distance from MHWS 
t (BM) =4 -635, P<0 . 02. ... trend present. t (EM) = 0-952, P>0 -1 no trend. Mean = 12.0 
*= sample from within a 
Fig. 6. Depth of redox- potential- discontinuity 
(in millimetres). 
1ý 12 10 
21 * 
'TABLE 1 
Comparison between interstitial water content values from the three 
S2artina. transects (BS, BC and E; S) and their appropriate 'baseline' 
means (from transects BM and EM). -3amples from within Spartina 
swards or clumps are indicated thus *. 
Sample t Significance level 
BS 0 3.051 0.05 
BS 30* 8.369 0.01 
BS 60* 7.906 0.01 
BS 90* 8.401 0.01 
BS 150 0.754 ns 
BC 0 1.981 ns 
BC 30 2.140 ns 
BC 90-ft. 3.785 0.05 
BC 150* 5.175 0.01 
BC 210 o. o96 ns 
ES 0 8.153 0.01 
ES 60- 0.336 ns 
ES 90* 1.269 ns 
ES 150 5.840 0.01 
ES 210 0.149 ns 
ns = not significant 
22* 
TABLE 
Comparison between depth of redox-potential-discontinuity values from 
transect ES and the 'baseline' mean from transect EK. Samples from 
within Spartina clumps are indicated thus *. 
Sample t Significance level 
ES 0 4.217 
W 6o* 5.271 
E-S 90* 1.581 
ES 150 0 
F, S 210 1.054 
0.05 
0.01 
ns 
ns 
na 
ns = not significant 
23o 
two samples had R. P. D. s significantly deeper than the baseline mean, 
one from within S_partina (contrasting with the situation at Site B) 
and the other (sample ES 0) associated with freshwater runoffq which 
presumably resulted in better oxygenation. 
v. Salinity. 
Sampling of the sedimonts was carried out at both Sites 
B and E on 1817/74 immediately before high water. A sample of sea- 
water was also taken from the incoming tide just before it covered 
the study area. In this way, external conditions affecting the 
salinity of the interstitial water had the maximum possible time 
(one low tide period) in which to act before normaliSation by the sea 
occurred, 
Samples of mud measuring 10 cm x 10 cm were collected to 
a depth of 5 cm and taken to the laboratory in X sealed polythene, bag. S. 
The interstitial water was separated from the sediment by vacuum 
f iltrationg and transferred to a 211 x 111 specimen tube which was then 
sealed. 
The salinity was determined later by titration against 
0-3N silver nitrate using potassium dichromate indicatorg as described 
by Strickland and parsons (1960 - Low precision method). Three 
determinations were made for each sample and the mean chlorosity 
calculated. Salinity values were obtained from the chlorosities 
by referring to the table given by Strickland and Parsons k1960). 
Results kFig. 7& Table 3): - 
only sample BS 90 at Site B differed significantly 
from the, baseline mean and was much lower than the value f or seawater. 
Since the depth of the R. P. jj. at this station was onlY 3 mm it is 
34.7 33.8 34.5 12.1 33-7 
BS 
3ý5 3ý .3 3ý .0 3ý .7 
Sea water 
34.0 
3ý-4 33.4 
u 
BC' 
37.5 36.0 36.0 33-8 34-5 
' BM 
18-9 35.0 37.1 35.3 31-6 
' 11 1 1 ES 
40.8 34.4 35.0 36.2 36-0 
Ii .I j EM __ 
0 30 60 90 120 150 180 210 
Distance from MHWS (m ) 
t (BM )=2.985, P>0- 05. 
. 
*. no trend. Mean = 35.6 
t (EM) = 0-130, P> 0.1. . '. no trend Mean = 
36.5 
*= sample from within aparting. 
34.0 
34-1 
33-7 
I 
Fig. 7. Salinity g of dissolved salts per 
kg of sea water) . 
8 
'D 
x 
, -, 2. %5 ä) 
V) 
.m 1-3 
1 
0 
Fig. 8. Calibration graph for correction of Waikley Black 
carbon estimations. 
i234567 
% Carbon - Walkley Black Method 
(x) 
24o 
TABLE 
Comparison between salinity values from the three Spartina transects 
(BSý BC and ES) and their appropriate 'baselinet means (from transects 
BM and EM). Samples from within Spartina swards or clumps are 
indicated thus *. 
Sample t Significance level 
BS 0 o. 689 ns 
BS 30* 1.378 ns 
Bs 6o* 0.799 ns 
BS 90* 18-390 0.001 
BS 150 1.480 ns 
BC 0 0.799 ns 
BC 30 0.219 ns 
BC 90* 1.253 ns 
BC 150* 1.480 ns 
Bc 210 0.908 ns 
ES 0 7.638 0.01 
ES 60-* 0.650 ns 
ES 90 * 0.303 ns 
ES 150 0.516 ns 
ES 210 2.107 ns 
ns = not significant 
25* 
unlikely that the low salinity was due to freshwater seepage through 
the sediment. It is possible that freshwater retention occurred 
below the surface when the tide ebbed. 
At Site k; only sample ES 0 differed from that of the 
baseline mean,, being significantly less. This provided further 
evidence of freshwater runoff from the dunes behind. 
vi. Carbon content of sediment. 
Samples for carbon analysis were collected on 13/8/73 
at Site B and 29/8173 at Site E from the top 1 cm of sediment by, 
dragging a mud sledge (Capstick 1957) across the mud surface fcm 
approximately 10 cm. Three samples of the surface mud were obtained 
in this way from each station and mixed together thoroughly in a 
polythene bag which was subsequently sealed. 
in the laboratory the samples were oven dried at 105 
0c 
for 48 hours. Between 0.5 9 and 1.0 g of dried sediment was ground to 
a fine powder in a mortar and analysed for carbon using the Walkley 
Black Wet oxidation Method kAppendix 1, p 134). This method effects 
approximately 75% recovery of carbon. Higher recovery kapproximately 
C, Cýklý ev ect 95ý6) is e-fý, etend by the more lengthy Tinsley modification of the method 
kAPPendix 1vp 134) which employs direct heating. To check on the 
validity of the unmodified method used in 1973, six samples were 
collected on 8/7/74 and analysed for percentage carbon by both methods. 
From these results a calibration curve was plotted (Fig. 8) to enable 
carbon values obtained by Walkley Black estimations in 1973 
to be 
corrected. 
Results (Fig. 9 and Table 4): - 
4 
At Site B all samples taken from within areas 
4.32 6.50 7.12 6-88 1-12 
BS' 
2.31 
a 
0-95 
L 
2-70 
1 
4.81 0- 66 
ul 1 6 BC 
0-95 0-63 0-49 0-64 0.51 
BM 
3-64 
' 
0.78 
1 
0-28 
1 
0-30 0-80 
ES - 1 -- - 
0-43 
EM'-- 
0 
0.25 0-23 0-. 22 
30 60 90 120 150 
Distance from MHWS (m 
t (BM) = 0.512, P> 0-1. . *. no trend. 
0-ýo 
180 210 
Mean =0 . 644 
HEM) = 1-009, P>0-1. . *. no trend. Mean = 0-286 
*= sample f rom within S 
Fig - 9. Carbon content of sediment 
0.34 0.57 0.59 0-57 0-08 
BS 
0.18 0.07 0-19 0-43 0.06 
, Bc 
'0, (A 0-07 0-05 0.03 0.05 0.03 ' 1 1 1 BM - 
0-27 0-05 0.02 0-01 0-07 
11 2 ES --- --- - 
0.03 0-02 0.02 0.02 0.02 
EM' IIIa 
0 30 60 90 120 150 180 210 
Distance from MHWS (m ) 
t (BM) = 0-559, P>0-1. no trend. Mean = 0.046 
t (EM) = 0.542, P>0-1. no trend. Mean = 0-022 
*= sample from within S 
Fig. 10. Nitrogen content of sediment MY 
26o 
TABLE 
Comparison between carbon content values from the three Spartina 
transects (BSI BC and ES) and their appropriate baseline$ means 
(from transects BM and EM). Samples from within Spartina swards or 
clumps are indicated thus *. 
Sample t Si ificance level 
BS 0 22-440 0.001 
BS 30* 35-730 0.001 
BS 60* 39-510 0.001 
BS 90* 38-050 0.001 
BS 150 2.930 0.05 
BC 0 10.180 0.001 
BC 30 1.890 ns 
BC 90* 12-56o 0.001 
BC 150* 25.430 0.001 
BC 210 0.122 ns 
ES 0 53.230 0.001 
ES 60 * 7o840 0.01 
ES 90 * 0.100 na 
ES 150 0.220 na 
ES 210 8.16o 0.001 
ns - not significant 
27* 
of Spartina. growth had significantly greater carbon contents than the 
baseline mean. Samples BS 0 and BC Ot at the upshore end of the 
transectsp also had significantly greater carbon contents. 
At Site E one sample occurring within the S artina 
(ES 60) and two at both ends of the transect (ES 09 ES 210) had signif- 
icantly higher carbon contents than the baseline mean. liowever, the 
high value of sample ES 0 may have been due to the presence in the 
sediment of large amounts of root hair fragments from saltmarsh 
plants. Similarly, fragments of filamentous algae, noted when 
collecting sample ES 210v may have been responsible. fo, r its high 
carbon content. 
vii. Nitrogen content of sediment. 
Between 0.2 g and 0.6 g of ground oven-dried sediment 
was removed from each of the samples collected for carbon determinat- 
ion (see vi. above) and analysed for nitrogen by the Kjeldahl semi- 
micro method (Appendix I. p 135). Two estimations were made for each 
sample and the mean calculated. 
Results (Fig. 10 and Table 5): - 
At Site B the nitrogen contents of sediments taken 
from within Spartina clumps or swards (BS 309 Bs 60f BS 909 BC 90 and 
BC 150) were significantly greater than the baseline Sean. Samples 
13S 0 and BC 0 (both at the upshore end of their respective transects) 
also had significantly higher nitrogen contents than the baseline mean. 
I 
At Site E samples ES 60 (Spartina)t ES Ov and zs 210 
had significantly higher nitrogen contents than the baseline mean 
(cf. carbon contents). The presence of root hair fragments or 
filamentous algae in the sediment probably account for two of these 
28o 
TABLE 
Comparison between nitrogen content values from the three Spartina 
transects (BS9 BC and ES) and their appropriate 'baseline, means 
(from transects BM and IM). Samples from within Spartina swards or 
clumps are indicated thus *. 
Sample Significance level 
BS 0 
Bs 30* 
Bs 60 * 
BS 90* 
BS 150 
BC 0 
BC 30 
BC 90* 
Bc 150* 
Bc 210 
ES 0 
Es 6()* 
Mio nr% miti 7v 
Es 150 
F, S 210 
19.820 
35.330 
36.680 
35-330 
2.290 
9.036 
1.618 
9.710 
25-893 
0.944 
62.000 
7.000 
0.500 
3.000 
12.000 
ns - not significant 
0.001 
0.001 
0.001 
0.001 
ns 
0.001 
ns 
0.001 
0.001 
us 
0.001 
0.01 
ns 
0.05 
0.001 
29* 
findings (ES. 0 and EPS 210). 
viii. Particle size. 
I 4c, ri C, K-e-s 
Two FRT ff-, AePe were measured for each sitev the percent- 
age formed by the silt/ clay fractiong and the median particle diameter. 
The silt/clay fraction is usually defined as particles less than 62 
in diameter (Morgans 1956)9 but in this study was taken as those 
particles which passed through a 200 mesh per inch sieveý----12ýý) 
Approximately 25 g of oven-dried sediment were removed 
from each of the samples collected f or carbon analysis (see vi. above) 
and the silt/clay fraction estimated as described in Appendix 10 P136* 
After removal of the silt/clay fraction, the sediment remaining (the 
sand fraction) was dry sieved for 20 minutes through a graded series 
of sieves using an Endicott electrical sieve-shaker. The contents of 
each sieve was then weighed. Samples of sediment retained by each 
sieve were examined under a 10x binocular microscope and the diameters 
of at least thirty particles were measured. The mean of the particle 
sizes so measured for each sieve is given in Table 6* To detoTmine 
median particle size in an individual sample including the silt/clay 
fractiont the percentage by dry weight of each particle size was 
calculated* A graph of percentage cumulative frequency was then 
plotted for each sample (e. g. BC 0- Fig, 11). From this the median 
particle size (i. e. that corresponding to 50% on the ordinate) was 
obtained. 
Results 
a. Silt/clay (Fig. 12 & Table 7): - 
At Site B all samples on transect BS had a signifi- 
cantly higher silt/clay content than that of the baseline mean. The 
300 
TABLE 
mean particle size retained by each sieve. 
Sieve size (mesh per 
20 
30 
40 
60 
90 
120 
200 
sub-sieve 
malean size (t 2 S. E. s) of 
particle retained 
15 + 127.4 p 
968 68.6 
624 34.2 
429 30.8, P sand 
fraction 
309 14.4 p 
226 15.7, P 
178 16.3 p 
126 8.2 )u siltj clay 
fraction 
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18.6 
1 
35-1 27-2 
' 1 j BM ___ 
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ES' --- 1 1 -1 2 
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EM' IIII 
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Distance f rom MHWS (m) 
t (BM) = 1-063# P>0-1. no trend. Mean = 24.9 
t (EM) = 1.503, P>0-1. no trend. Mean = 12.4 
*= sample from within 
Fig. 12. Silt /clay content of sediment (%). 
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Bs' 
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SC 
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' 
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ES 
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Distance f rom MHWS (m ) 
*= sample from within Sparting. 
F ig. 13. Median particle diameter ýi 
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TABLE 
Comparison between silt/clay content values from the three Spartina 
transects (B8, BC and ES) and their appropriate baseline, means 
(from transects BM and EM). Samples from within Spartina, swards or 
clumps are indicated thus *. 
Sample t Significance level 
BS 0 9.275 0.001 
BS 30* 11-790 01001 
Bs 60* 10-150 0.001 
BS 90* 8.180 0.01 
BS 150 3.060 0.05 
BC 0 2.390 ns 
BC 30 0.794 ns 
BC 90* 5.558 0.01 
BC 150* 8.412 0.01 
BC 210 0.375 ns 
ES 0 3,366 0.05 
ES 60* 0.266 ns 
ES 90 * 0.263 ns 
ES 150 0.364 ns 
ES 210 1.045 ns 
us - not significant 
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two highest values occurred within the Spartina sward. Transect BC 
gave similar results with significantly higher silt/clay contents 
occurring within the Spartina. 
At Site s only sample ES 0 had a significantly higher 
silt/clay content than the baseline mean, Further significant 
diff erences may have emerged if the high silt/, clay content of sample 
EM 0 had been ignored when calculating the baseline mean. tt seems 
likely that the high value obtained for this sample was due to 
accretion of siltIclay particles by the root network of the saltmarsh 
plants growing there. 
b. Median particle diameter kFig. 13). 
Since median values were calculatedg parametric statistics 
could not be used for comparison. At Site B all samples within 
Spartina. were compared with their respective samples outside at 
equivalent tidal levels kTable 8). The median particle diameter 
within Spartina was found to be significantly lower than that outside 
at equivalent tidal levels. 
At Site It only one of the two SRartina samples had a 
lower median particle diameter than the corresponding sample outside 
Spartina, 
ix. Correlation of siltl'clay content with carbon, and nitrogen content, 
and depth of redox-potential-discontinuity. 
SiltIclay contents were plotted aaXinst carbon content 
(Figs. 14 and 15) . nitrogen content (Figs, 
16 and 17) . and depth of 
R-PP. D. (Figs. 18 and 19) for both Sites B and E* Correlation coeffic- 
, 
jentowere also calculated. 
All correlations were significant except that for silt/ 
clay content against depth of R. P. D. at Site 19, Strong positive 
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TABLE 8 
Comparison between median particle diameter values from Spartina and 
non-Spartina samples at equivalent tidal levels at Site B, Samples 
with the lower median particle diameter of the pair are indicated 
thus *, 
Spartina samEle 
BS 30* 
BS 30* 
BS 90* 
BC 90* 
BC 150* 
BC 150* 
non-SiDartina -sam-Dle 
BC 30 
BIK 30 
BM 90 
BM 90 
BS 150 
BM 150 
.Lý probability 
that Spartina samples have a lower median paxticle 
diameter than non-§Zartina samples 
6 
= 0.012 (< 0.05) 
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correlations between silt/clay and both carbon and nitrogen contents 
were also found by Newell (1965) and indicate a close relationship 
between the silt/clay content of the sediment and the potential food 
available to deposit feeders. Shallow depths of R. P. D. at Site B 
were clearly related to high silt/ clay contents p as stated by Fenchel 
and Riedl (1970), The inconclusive result for Site E (Fig. 19) suggests 
that other factors (e. g. freshwater seepage) were predominant in 
determining the depth of R, P. D. 
x., Sediment characteristics of SRartina marsh - Summary. 
Negligible differences were found between the salinity of 
interstitial water inside and outside Spartina at either site. 
At Site B (Budle Bay) sediment from Spartina marsh had 
higher silt/clayt carbong nitrogen and interstitial water contents 
than that outside Spartina. In additiong the median particle diam- 
Oter was smaller than outside Spartina and the R. P. D. was nearer the 
surface. 
At Site E (Elwick-Cockly Knowes) no consistent differences 
between sediment chaxacteristics inside and outside Spartina were 
found. This probably followed from the similarity in particle size 
inside and outside the Sp tina, since most other sediment character- 
istics were strongly correlated with particle size. 
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CHAPTER 4. DENSITIES OF INVERTEBRATE SPECIES IN 
SPARTINA, MARSHES 
i. Sample collection and extraction 
Mud samples measuring 10 cm x 10 cm in area and up to 
25 cm in depth were collected using the metal sampler illustrated in 
Fig. 20a. If requiredg the sample was divided into two or more layers 
by sliding a metal plate between two corresponding slits as illustrated 
(Fig. 20b). Samples were taken to the laboratory in labelled polythene 
bags. 
in the laboratory, invertebrates were extracted immed- 
iately, or if this was impossible, samples were stored in the 100C 
constant temperature room. For extraction# each sample was washed 
through a 20 or 30 mesh per inch sieve using a flexible hose attached to 
a tap. In this way sufficient directed pressure was obtained to remove 
quickly most of the sand and silt. When sieving was complete, the 
residue was transferred to an enamel dish containing filtered seawater 
where the animals were removed by systematic sorting of the debris. The 
use of seawater as a medium for sorting ensured that live molluscs 
became active again and could be distinguished easily from dead or empty 
shells. The animals in each sample were identified and counted. 6peci- 
mens were then preserved in 107,, formalin or deep frozen for dry weight 
determination. 
Sampling programme 
rThe number of samples which can be handled during any 
sampling programme is limited by time and apparatus. It is therefore 
important that the location of each sampling site is selected carefully 
to maximise the information made available by the programme. To determine 
0. b. 
50cm 
-I 
ic 
metal 
plate 
25cm 
iocm-->l 
Fig. 20. Mud sampier. 
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major differences between invertebrate populations inside and outside 
areas of Spartina, samples were taken along transects running down- 
shore from MHWS in each of three habitats (Spartina swardsq Spartina 
clumps and open mud). This method of sampling takes account of any 
zonation of species within each habitat but ignores possible along- 
shore variations, due, for example, to areas of freshwater seepage, 
which might affect the invertebrate species present. In additionv 
results f rom individual stations along a single transect may be 
affected by marked variations in invertebrate density over a very small 
area (e. g. 1m2). This local variation is often as great as, or 
greater than, variation between average densities much further apart 
ýe. g. 100 m). Therefore, the importance of these two possible sources 
of variation was investigated in certain common invertebrate species 
before the main sampling programme was undertaken. 
a. Alongshore variation. 
An area at Elwick kSite W) was selected where four species 
relevant to the study were known to occur (Nereis diversicolorg. Hydrobia 
ulvae, Corophium volutator and Scoloplos armiger . Four parallel trans- 
ects separated by 20 m intervals were staked out from MHWS downshore 
for 180 m (Fig. 4). For the first 75 m, the transect lay through a 
Spartina, sward inhabited by Nereis; the remaining 105 m crossed open 
mud inhabited by Hydrobia and Scoloplos. Samples were collected at 
stations along the transect and sieved through 20 and . 
30 mesh per inch 
sieves. The results are given in Table 
Two-way analyses of variance were performed on each of the 
four species to determine the amount of between-transect variation and 
between-tidal-level variation (Table 10). The two sections of each 
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TABLE 9 
Numbers of each species from the study of alongshore variation of 
invertebrates at Site W. 
Hydrobia ulvae Scoloplos armiger 
TRANSECT, i ii iii iv i ii iii iv 
180 14 24 16 5 14 8 12 14 
160 13 43 15 9 10 24 7 10 
140 11 11 5 2 10 13 7 27 
120 7 1 1 - 5 - - - 
100 - - 4 2 23 4 2 7 %-. 0 
to 
Nereis diversicolor Corophium volutator 
75 2 3 4 4 
65 7 7 - 8 
45 3 2 2 - 
32 10 3 1 6 7 
22 5 3 10 7 - 3 
17 4 - 7 3 25 - 1 - 
15 - 2 2 5 - 4 7 23 
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TABLE 10 
Analyses of variance f or each species from the study of alongshore 
variation of invertebrates at Site W. 
Degreesl Corrected,, 
Source of variation of sum of Mean F p 
freedom squares Square Value 
Between transects 3 379-75 126-58 2.413 >0.1 
Between tidal levels 4 1035-30 258-83 4.934 <Q-05 
CS 
.H 
1.0 00 Residual 12 629-50 52-46 1 
Total 19 2044-55 
Between transects 3 138-15 46.05 0.940 >0.25 
Between tidal levels 4 428-30 107-08 2.185 >0.1 0 
r-I k PL 4) 
' ' 
0 Residual 12 588-10 49-01 
ri -ri 0 
il 
10 
1 
Total 19 1154-55 
Between transects 3 19-57 6.52 0.935 >0.25 
0 
r-I 0 Between tidal levels 6 68.86 11-48, 1.645 >0.1 
0 
(a (a Residual 18 139-43 6.97 
Total 27 227-86 
Between transects 3 66-43 22.14 0.539 >0.25 
0 
Between tidal levels 6 297-50 49-58 1.208 >0.25 
-P to Residual 18 739-07 41.06 1: 1 4J 
0 
$4 r-4 00 
0 :. Total 27 
1103-00 
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transect were treated separately for this analysis. 
No significant differences were found between transects 
in the densities of any of the four species studied; i. e. alongshore 
variation was insignificant in a distance Of 60 m. Hydrobia was the 
only species with significantly different mean densities between tidal 
levels. In view of the lack of alongshore variationg one transect in 
each habitat was considered sufficient to compare the invertebrate 
populations of the three habitats; i. e. continuous Spartina, sward, 
Spaxtina clumps and open mud. 
b. Local variations in density. 
Variationswithin a small area are detected efficiently 
only by sampling the whole of that area. Variation between pairs of 
adjacent samples can then be compared with variation between pairs of 
randomly selected samples within the whole area. In this study, 
comparisons were made (. 1) by collecting a block of 16 adjacent samples 
and (Z) by taking paired samples along a transect to investigate the 
effect over a much larger area. 
(1) Block sampling: - An area of open mud at Teal Hole 
(Fig. 1), 70 m downshore from MHWS, was selected for its abundant 
Corophium and Nereis populations. A block of mud 40 cm x 40 cm was 
removed in the form of 16 separate 10 cm x 10 cm samples, each taken 
to a depth of 25 cm. The animals were extracted by sieving. Results 
are given in Table 11. The mean of the variations in numbers of 
animals in 24 pairs of adjacent samples was then compared with the mean 
of the variations in 24 pairs of randomly selected samples 
(Table 12). 
No significant difference was found between either of these 
two means 
in the 40 cm x 40 cm sampling area. 
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TABLE 11 
Numbers of Corophium volutator (C) and Nereis diversicolor (N) from 
the block sampling to study possible variation in densities due to 
local clumping. The variation between each pair of squares was cal- 
culated by subtracting the smaller number of animals f rom the larger 
(e. g. variation in Corophium numbers between samples la. and 1b. is 
42 minus 25, i. e. 17). 
2 3 4 
N 7 N 5 N 5 N 
a 
C 42 C 43 C 44 C 35 
N 7 N 7 N 6 N 11 
b 
C 25 c 42 C 45 C 44 
N 5 N 5 N 8 N 8 
c 
C 26 C 28 C 37 c 29 
N 6 N 4 N 6_ N 3 
d 
C 27 C 38 C 22 C 49 
41, p 
TABLE 12 
Comparison between the means of the variation in numbers of inverte- 
brates ýCorophium volutator and Nereis diversicolor in 24 pairs of 
adjacent samples and in 24 pairs of randomly selected samples. sampling 
was carried out in a block of 16 samples at Teal Hole. 
Mean Mean 
variation variation 
between between 
24 pairs 24 pairs t p 
of adjacent of randomly 
samples selected 
samples 
Corophium volutator 2.86 8.63 10-34 
1 2.50 0.899 >0.1 
Nereis diversicolor 
+ 1.88 0.86 2.08 + 0.81 0.354 >0.1 
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(Z) Transect sampling: - At Site Wa transect kv. ) was 
staked out from MS downshore through Spartina f or 80 m kFig. 
.L 
CA, Paired adjacent 10 cm x 10 cm samples were collected to a depth of 
25 cm at each of 7 stations along the transect and variations in 
numbers of Nereis were compaxed as described above for block sampling. 
. Results are given in Table 13. No significant difference was found 
(t = o. 624, P >0.1) between the mean of the variations in numbers of 
Nereis between paired adjacent samples k4 1 1.95) and the mean of the 
variations in numbers between randomly paired samples (5 t 2.54). 
Results from the Block Sampling and the Transect Sampling 
both indicated that variation between adjacent samples was almost as 
great as (and not significantly different from) that between samples 
further apart. it was theref ore de cLded to take single samples f rom 
many stationsp rather than several samples at a few stations, along a 
transect during the summer programme. This established the possible 
zonation of each species. -uuring 
the following winter one sample was 
taken from each of the four corners of a square metre at each sampling 
station. This higher intensity of sampling at fewer stations was under- 
taken to determine how definitive the summer zonations were. Results 
from individual samples collected in the winter programme are given in 
Appendix 2t P137. 
iii. General invertebrate survey 
measurements of invertebrate population densities were 
made in the two main study Sites B and Eý Figs. 2 and 3) in both summer 
and winter, to determine possible seasonal changes. Less detailed 
measurements of invertebrate densities were made in two other areas 
where Spartina occurred (Fenham Millq Fig. 1, and Site Wv Fig. 4) to 
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TABLE 1 
Numbers of Nereis diversicolor from the transect sampling to study 
possible variation in densities due to local clumping. 
Distance from MHWS (m) 
15 20 25 35 45 55 65 
-88 10 55 12 
Adjacent pairs of samples 
- 11 5 4 10 24 
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establish how far results from the main study areas held generally. 
a. Site B. 
Samples were collected in June and December of 1973. 
Corophium Volutator kFig. 21): - 
In June Corophium was scarce within the 
Spartina sward ktransect BS) and clumps (transect Be) , but present in 
large, albeit variable, numbers in the open mud. By December there 
were increased densities at the upshore end of all three transects, 
particularly BC. Beyond 150 m from MHWS Corophium was absent from the 
whole area. 
Hydrobia ulvae (Fig. 22): - 
in Juneg Hydrobia was present in densities of 
up to 4000 per m2 on the Spartina clump and open mud transects. However, 
densities in the first 60 m of the Spartina sward were very small, 
increasing noticeably only at 90 m from MS. The December distribution 
was similar to that in June, with low densities in the first 30 m of 
transects BC and BM and the first 60 m of transect BS. In addition, 
overall densities both in transects BS and BC were smaller in December 
than in June. 
Macoma balthica (Fig. 23a): - 
Macoma was totally absent within the Spaxtina 
sward in both June and 1)ecember and within the Spartina clumps in june. 
By December, however, there were small numbers present within a clump 
150 M from MHWS. In the open mud Macoma, was present at slightly lower 
densities in December than June. 
Arenicola marina kFig. 23b)s - 
Arenicola was absent from the sward and the 
Spartina, clumps during both June and December. The density in open mud 
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was considerably lower in December than in June. 
Nereis diversicolor (Fig. 24a): - 
Nereis was absent from within the Spartina 
sward and clumps during June and from within the sward during December. 
Carcinus maenas (Fig. 24b)-. - 
Carcinus was present within both 6partina 
transects but totally absent from the open mud during both June and 
December. 
Scoloplos armiger ýFig. 25a): - 
Scoloplos was restricted to the open mud, apart 
from the sample BS 90 within the Spartina sward in June. There was a 
noticeable increase in density and range in the open mud between the 
June and December samplings. 
Littorina "saxatilis, - (Fig. 25b). - - 
This "species, - was present within the Spartina 
sward and clumps during both June and December. It was also present on 
the open mud in relatively small numbers during December. No attempt 
was made to differentiate the various forms, which have now been 
described as four distinct sympatric species ýHeller 1975). 
Site E. 
Samples were collected in August and December 1973. 
Hydrobia ulvae (Fig. 26a): - 
-Ln 
both AugUst and December considerably larger 
densities of Hydrobia were present on the Spartina transects than in the 
open mud. In December the largest densities of Hydrobia were found 
within clumps of Spartina. 
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blacoma balthica (Fig. 26b): - 
Densities and distributions of macoma in open 
mud were., very similar, to those in Spartina, both in August and 
December. In December however, there was an overall reduction in 
Macoma density in all areas. 
Littorina I'saxatilis" (Fig. 27a): - 
Littorina was found only on the Spartina trans- 
ect. Highest densities were found within Spartina clumps as well as 
between them. Densities in December were smaller than in August. 
Scoloplos armiger (Fig. 27b)s - 
In both August and December Scoloplos densities 
were higher in the open mud than at the corresponding tidal levels 
along the Spartina transect, with one exception (ES 180 in August). 
within the Spartina clumps Scoloplos was present only in one of the two 
samples (ES 90) and then only at very low densities. 
A. renicola marina (Fig. 28a): - 
Arenicola was present in varying densities 
both within the Spartina clumps and in the open mud. Arenicola was 
not found beyond 90 m from MHwS in December. 
Carcinus maenas (ii-ig. 28b)oo - 
Carcinus was found only within Spartina clumpsg 
both in August and December. 
Nereis diversicolor (Fig. 28c); - 
In both August and Decemberg Nereis was found 
only within the first go m of the Spaxtina transect. 
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C. Fenham Mill and Site W. 
The growth of Spartina at Fenham Mill formed a 
sward, extending approximately 60 m from MHWSj interspersed with a few 
small patches of open mud. Although no measurements were made of sedi- 
ment characteristics, superficial examination suggested they were 
similar to those found along transeCt BSI viz. p high siltq carbon, 
nitrogen and water contents and a shallow oxidised surface layer. 
Results of the invertebrate survey are given in Fig. 29. Corophium 
was restricted to between 10 and 40 m from MHWS with higher densities 
in an intervening patch of open mud (20 m from MHWS). Nereis was 
found between 10 and 60 m from MHWS9 the highest densities occurring 
within areas of Spartina. Scoloplos occurred beyond 50 m from MHWS and 
was restricted to areas of open mud. Similarly both Hydrobia and 
Arenicola were restricted to the open mud beyond 60 m from MHWS. 
Littorina was found both within Spartina and in the open mud beyond. 
At site wq the Spartina extended as an uninterrupted 
sward from 15 to 65 m beyond MHWS. Again the sediment characteristics 
superficially resembled those at Site B ktransect BS). Results are 
given in Fig. 30. Corophium. was found only within Spartina and was 
restricted to the upshore end of the sward. While Carcinus was 
restricted also to within the Spartina swardq Nereis occurred throughout 
the sward and in the mud beyond. 
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CHAPTER 5. DETAILED STUDY OF COROPHIUM VOLUTATOR 
iviean sizes of animals inside and outside Spartinao 
Measurements were made of the lengths of all animals 
collected from the three Site B transects in December 1973 (see 
Chapter 4-iii-ý P42). In May 1974, samples were collected from those 
stations which had held Corophium in December. In those cases in 
which the distribution had changed between December and May so that 
Corophium were no longer present, additional May samples were collected 
from stations with. Corophiumg adjacent to the December stations. The 
mean length of each animal was measured from the tip of the rostrum to 
the tip of the telson. 
Results: - 
Histograms of size distribution were prepared 
for all animals taken within2 and all taken outsides the Spartinag in 
both December and May (Fig. 31). AS may be seen, all distributions 
were unimodal and not markedly skewed. Hence t-tests between means 
are appropriate. 
Mean lengths (± 2 S. E. s) were calculated for each sample 
(Table 14). Comparisons, both amongst transects, and between seasonsq 
were frustrated in part by the temporal and spatial differences in 
corophium distribution. Howeverg considering all animalsq there was a 
highly significant increase in length between December and May (t = 
48.81t 
P<0.001). In both months the mean lengths of Corophium were greatest 
within areas of Spartina. In December the mean lengths of Corophium 
from Spartina stations were significantly greater than those from any 
of the four stations outside the Spartina. Alsog in mayq Corophium 
from the only Spartina Station (BS 30) were significantly 
longer than 
December 1973 
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40- 
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30 - 
20 - 
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012346789 
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20- 20- 
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Fig. 31. Histograms of size distribution for 
Coro hiuM volutator at Site B. 
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TABLE 14 
Mean lengths (+ 2 S. E. s) of Corophium volutator (in mm) at Site B. 
Sample sizes (n) are given and those from within Spartina are indicated 
by *. Results of statistical comparisons between individual samples 
are given below. 
Trans- Distance from MHWS (m) Overall 
ects mean 
0 30 6o go 
BS 3-57 + 0.40 4.28 ± 0.27* 
U1% n= 27 n= 
C' A 
ON 
BC 3.65 t 0.12 3.68 0.20 4.18 0.19* 3.77 0.07 
n= 281 n 113 n 118 
BM + 3.57 - 0.12 
n= 148 
BS 5.79 ± 0.14 7.35 0.49* 
. n= 230 n= 85 
ON BC 6.23 
± 0.13 6.72 ± 0.23 6.38 ý 0.08 
T- n= 261 n= 32 
BM 6-57 ± 0.14 74 ± 0.12 
n= 170 n= 153 
December 1973 (BS 
30* and BC 30: -t=3.5869 p <o. ool 
ýBC 90* and BC 300- -t=3.612t P <0.001 
MAY 1974 (BS 30* and BC 
60: -t-2.331, P <0.05 
(BS 30* and BM 60s -t-2.423, P<0-05 
(BS 0 and BC 30: -t= -1,5912 P<0-001 
50o 
those from any of the five stations outside the Spartina. However, 
there were also variations between the lengths of Corophium from 
the five stations outside S_partina. In particularg those from 
station j3S 0 were significantly shorter than those from the other four 
stations. 
ii. Mean dry weights of animals inside and outside Spartina 
Corophium collected in both December 1973 and may 1974 
were sorted according to size and sampling station, and were then deep 
frozen until required. Animals were grouped to form a single sample of 
known number for each size class of a station. This was necessary to 
maximise weight differentials between samples. Numbers of individuals 
per sample varied widely, with particularly low numbers in the larger 
size classes. Howeverg no minimum limit was set as it was considered 
necessary to maximise, the information obtained from the specimens. 
6amples were dried in a vacuum oven at 60 00 for 72 hours and then 
weighed on an electric microbalance. 
Results: - 
Untransformed weights axe given in Appendix 
P139. A single mean weight was calculated for each size class in each 
of the two habitats (Spartina sward and open mud) as shown below: - 
e. g. Size class. '- 3 mm -4 mm, Habitat: - open mud. 
6amDles involved 
BS 0 
BC 0 
BC 30 
BM 0 
Mean weight 
0.0981 
0.0821 
0.1314 
0.1362 
No. of individuals 
8=0.7848 mgm 
136 = 11.1610 mgm 
42 - 5.5180 mgm 
80 = 10.8900 mgm 
Totals 266 
overall Mean 28-3538 
266 
o. lo66 AgT 
28-3538 mgm 
51. 
This method of calculating overall means was adopted to take account 
of the widely varying sample sizes used. The resulting mean weights 
were plotted against lengths on a double logarithmic scale (Fig. 32). 
In December 1973 the mean weight inside Spartina, was 
greater than outside for the five size classes with comparable data. 
The probability of this occurring by chance is 1 in 25 (P = 0.03) and 
hence the difference is statistically significant. In May 1974 the 
mean weight inside Spartina was greater than outside f or three size 
classes and less than outside for one. The probability of this occurr- 
-4 ing by chance is 4 in 2 ýp = 0.25) and hence the difference is not 
signif icant. 
since. Corophium are scarce within , -; partina the overall 
means for this habitat are based on fewer animals than those for 
outside spartina. This has been noted when considering the validity 
of the results in the discussion. 
iii. Habitat selection by_Corophium. 
Corophium density in relation to siltAclay content of the 
sedimentq was investigated in summer 1973 at Site B 
(Fig. 33). Above 
a silt content of 507o Corophium was either absent or present at very 
low densities. Below this level, Corophium density appeared to 
increase with decreasing silt4clay contentv though variation 
in density 
for a given silticlay content was very wide, 
Five of the six stations with siltAclay contents 
higher 
than 507o occurred within Spartina. This was noted when 
considering 
the results in the discussion. 
3 
2 
r*"i 
CD 
v- 1 - 
x 
E 
C» E 
rn 
'10 
2 
1 
o. 0 
* =within 5parting. 
outside 5%xiii2g. 
Fig. 32. Log. weights of ggroptýiium volu 
plotted against log. lengths at Site B 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
0.1 0.2 0.3 0.4 0-5 0.6 0.7 0.8 0.9 1.0 
Log. 10 length 
(mm) 
Zw jed SPUDsnoqjL 
C) 
CD 
C) 
C) 
00 
0 
r*-_ 
-6-0 
C) 
C: ) 
Ln 
C: ) 
-4 V) 
C) 
CY) 
0 
N 
0 
a) 
-4-0 -6-0 0 
CL 
L. 
0 
-4-0 0 
0 cn 
(D 
E 
0c 
L- CD 0 +.. o Ul c 
0 
%4. L) 0 
> 
>0 
- 
"- 
0 -4-0 
(-Y) Ul 
(-Y) 
LL 
(20 (D --$ r*Y CD 
Ir- 
529 
iv., Behavioural response of Corophium to different sediment types. 
Meadows ý1964a) demonstrated in the laboratory that 
Corophium preferred to burrow in fine sediments rather than coarse 
ones. In view of the high silticlay content within Spartina swards 
ýsee Chapter 3. viii. p 29) it is perhaps surprising that Corophium 
was so scarce in these areas at Lindisfarne. Therefore laboratory 
studies were made of the behavioural response of Corophium to sedi- 
ments taken from within Spartina and from areas outside the Spartina 
where Corophium was already established. Mxperiments were conducted 
also in the field. 
a. Two-choice preference experiment in the laboratory: - 
The procedure was similar to that used by Meadows (1964a). 
Two crystallising dishes, 12 cm in diameter and 6.5 cm high, were 
each divided into two compartments using a perspex partition, 12 cm 
long bY 4 cm high (Fig-34a). The partition was maintained in position 
using plasticine. The left-hand compartment of each dish was filled 
with sediment from transect BS9 within the spartina swaxdq and the 
right-hand compartment with sediment from transect BM, on the open mud. 
Sediment was collected on the day prior to the tests and stored at 
10 0 U. Fresh seawater was siphoned slowly into each of the dishes until 
the level was 2 cm above the partition. The dishes were surrounded 
with black paper, placed in the 10 
0C (constant temperature) room and 
each illuminated by an angle-poise lampq situated 40 cm directly above 
the dish. -ýPhis was f ax enough above the dishes to cause negligible 
heating. Twenty live Corophium were then introduced into each dish 
at a constant position and direction (Fig. 34b) to avoid biassing 
their choice of sediments. Their behaviour (swimming, burrowing, or 
A 
a. 
7r 
6.5 c 
I 
Plasticine 
seal 
4. '0 cm 
J... 
b. 
Fig. 34., Crystallizing dish for two -choice 
preference experiment with Corophium volutator. 
Fig. 35. Plywood enclosure 
phium volutator settling 
15.0 cm 
for estimation 
rates in the 
of 
f ield 
Position and direction 
of introduction 
Perspex 
partition 
53s 
crawling on the mud surface) was noted at five minute intervals for 
the first fifteen minutes. Animals not observed were recorded as 
having burrowed into either of' the sediments. The dishes were then 
left for a further 23 hours, after which the 4 numbers of. Corophium in 
each compartment were determined by washing through a 20 mesh per inch 
sieve. 
Results (Table 
No significant difference was found between the numbers 
of COrophium burrowing into the two types of sediment, although in 
both dishes more Corophium burrowed into the Spartina secLiment than 
into the open mud sediment. 6ome movement of Corophium was observed 
across the partition, indicating that individuals investigated both 
sediments before selecting one to burrow in. It is possible that 
chemical changes (e. g. reduction of hydrogen sulphide content of 
Spartina mud) occurred between collection of the mud in the f ield and 
its use in the laboratory. Field experiments were therefore performed 
to avoid this possible artefact. 
b. Settling rates in the field: - 
plywood enclosure, partitioned into four equal sized 
sections, was used (Fig. 35). The enclosure was placed on the sedi- 
ment when the falling tide was at a depth of between 5 cm and 10 cm. 
(When the depth was greater than this it was difficult to see clearly 
the behaviour of Corophium, on or near the sediment surface). Small 
cracks in the joints enabled the water level in the enclosure to fall 
with the tide as it ebbed. Corophium were collected immediately prior 
to high water by washing mud samples from transect BM through a 20 mesh 
per inch sieve. The animals used were all between 5 mm and 8 mm long. 
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CorophiUm behaviour was observed among Spartina (transect 
BS) in areas uncolonised by Corophium and on the open mud on transect 
BM. Ten CorOphium were introduced into each compartment and the 
number observed swimming was noted at regular intervals until all had 
settled on the sediment surface or the tide had ebbed beyond the 
enclosure. This was repeated on several days in each of the areas. 
Results: - 
Individual observations are given in Appendix 39 P140. 
For each observation the total numbers of Corophium swimming in the 
four compartments of the enclosure were summed and calculated as a 
percentage of the number originally introduced. A mean was calculated 
for all observations made in each successive time interval after into- 
duction (Table 16). As a result of the tide ebbing beyond the enclos- 
ure and in some cases all the Corophium burrowingg only a small number 
of observations were made in the later time intervals. 
In transect BM Corophiumv already present in the sediment, 
often emerged from their burrows and joined the animals being observed. 
Despite the presence of these additional animalsp there was a tendency, 
albeit non-significant, for a greater percentage of Corophium intro- 
duced to remain swimming above the spartina sediment than the open mud 
sediment. 
v. Winter predation of Corophium: An exclosure experiment 
A wire-netting exclosure (Fig. 36) was used to prevent 
2 
birds and flat-fish from feeding on a5m area of mud at Site B, 
approximately 25 m downshore from MHWS along transect BM (Fig. 2). 
It was placed in position on 29/10/73. Eight 10 cm x 10 cm x 10 cm 
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mud samples were collected to determine Corophium density in the area 
at that time. The exclosure was removed on 29/3/74 when ten samples 
were collected from within its boundary and ten from outside. All 
samples, both in autumn and spring, were collected: - a) from the 
same tidal level to avoid any downshore variation in Corophium 
density; b) at a minimum distance of 2m from the exclosure since 
birds were not observed feeding immediately adjacent to it. Autumn 
samples were collected 1m out from the spring sites to avoid 
disturbing them. Additionallyv in Marchq three samples of the 
surface layer of sediment, 1 cm deep, were collected from within the 
exclosure and mixed thoroughly. 
mately 2m from the exclosure. 
Another three were coilected approxi- 
Carbon content and particle size of 
these samples were determined as described in Chapter 39 vi. (p25 ) 
and viii. (p 29 ). 
All Corophium extracted from the samples by sieving were measured 
and assigned to size classes. Any filamentous alga present in the 
spring mud samples was removed during the sieving, dried in a vacuum 
oven at 60 0U for 72 hours and weighed. 
Results: - 
The numbers of Corophium in each sample 
associated with the exclosure ate given in Fig. 379 
together with 
mean densities. No significant differences were found 
between the 
autumn mean density and the spring mean density outside 
the exclosure 
(t = 2.0859 P>0.05). The spring mean density 
inside the exclosure 
was significantly greater than the spring mean density outside 
(t = 7.9029 P<0.001)9 and the autumn mean 
density (t = 2.504, P'(0-05). 
58o 
Since the change in Corophium density outside the exclos- 
ure during the winter season was not significant, either mortality was 
small or it was balanced by recruitment or immigration. By the spring, 
the Corophium density within the exclosure was approximately seven 
times that found outside. If predation outside the exclosure had been 
responsible for this difference, then between approximatelY 7.5 and 
ý S' 2 10ýthousand Corophium per m ý75 to 10imillion per ha) must have been 
taken during the time the exclosure was in position. But observations 
of Redshank (Chapter 7. iv. P 97), the chief bird predator, showed 
that less than 3 million items of Corophium size were taken per ha, 
during the same time period. 
Breeding of Corophium at Whitby was found to cease in 
September and recommence the following April ýHart 1930). At the more 
northerly Lindisfarne, it is likely that at least one month elapsed 
between hatching of the final autumn brood and the October sampling. 
Hence the majority of the f inal brood would have grown large enough 
to be retained by the 30 mesh per inch sieve used. It seems probable 
therefore, that the increased density within the exclosure must have 
resulted from an immigration of Corophium into the exclosure, rather 
than growth of animals which were too small to be retained by the 
sieves in the autumn. 
mean lengths of Corophium, both inside and outside the 
exclosure, were significantly greater in spring than in autumn. In 
addition, Corophium within the exclosure in spring had a significantly 
greater mean length than those outside (Fig. 38). Comparison of 
histograms b and c indicates that this was due to a much larger 
proportion of animals over 6 mm in length within the exclosure. 
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There were noticeable differences between sediment inside 
and outside the exclosure in spring (Table 17). Inside the exclosure 
carbon and silt contents were higher and median particle diameter 
smaller than outside. These results suggest that the presence of the 
exclosure changed the nature of the sediment by causing accretion of 
fine particied silt and organic detritus. 
No significant difference was found between the mean dry 
weights of algae from samples inside and outside the exclosure. 
vi. Movement of Corophium 
, xhere is no reference in the literature to studies of 
Corophium movement in the field. in view of its possible influence on 
the exclosure results, an investigation of movement was made by 
marking animals within a small area and then searching for them at 
varying distances from the marked area. 
The use of dye was considered as a means of marking 
Corophium. Previous workers have used dyes to study the movement and 
distribution of OYster larvae (Loosanoff and Davis 1947) and smail 
mammals kNew 1958). Peters and Chevone ý1968) used neutral red in an 
ecological investigation of mosquito larvae. This dye was used in 
the present study. Barbosa and Peters 0970) showed that exposure to 
neutral red affected the length of development and rate of pupation in 
popuiations of Aedes aegypti (L. ). Although no information is avail- 
able on the effect of neutral red on corophium, it was considered 
unlikely to have any serious effect in this relatively short term 
study. 
, if r% IDU 
TABLE 17 
Sediment characteristics of Corophium exclosure on transect BM in 
1973174. Mean dry weights of alga inside and outside the exclosure 
were compared when t was found to be 1.269 (P >0.1). 
Sediment 
characteristic Inside Outside 
Carbon content 3.27% 1.437o 
Silt content 43.60% 28-38% 
Median particle 
diameter 220 300 
mean dry weights + 
of alga 0.129 g 0.116 0.030 0.038 g 
61. 
a. Determination of optimum dye concentration: - 
A preliminary experiment was performed to determine the 
optimum concentration of neutral red necessary to stain Gorophium 
without any obvious adverse effects. Three crystallising dishes 
were each half-filled with fresh sediment from an area at Lindisfarne 
known to contain Corophium. The sediment was previously washed 
through a 30 mesh per inch sieve to remove all animals. After the 
sediment had settled for two hours, any surface water was carefully 
siphoned from it with a3 mm diameter rubber tube. Neutral red dye 
was dissolved in fresh seawater in concentrations of 10,50, and 
100 P. P. M. Each of the three dye solutions was then siphoned into 
separate dishes, avoiding disturbance of the sediment as much as 
possible. Fifteen live uorophium were introduced into each of the 
three dishes and left for 5 hours. The dyed seawater was then 
siphoned off and replaced by fresh, uncontaminated seawater. For 
each of four days following the treatment, the condition of any 
visible Corophium was noted and the seawater was changed. During the 
course of the experiment dishes were aerated and kept at a temperature 
of 10 
0 C. At the end of four days all animals were removed from the 
mud by sieving and. their condition noted. 
Results (Table 18); - 
10 p. p. m. was cleaxly too dilute to stain the animals 
effectively. No difference was observed between animals stained by 
the 50 and 100 P. P. m. solutions. It was therefore decided to use 
neutral red at a concentration of 50 P-P-m- in the field experiments, 
in case any undetectable deleterious effects might have been caused 
by the higher concentration. 
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b. Field experiments: - 
. b'ield experiments were performed at Site Bin the region 
of transect BM (Fig. 2). A squareq bottomlessq plywood enclosure 
ýFig- 39) was used in the first field experiments. At high water 
the enclosure was placed in position on the mud surface and the 
height of the sea noted on the scale inside the enclosure. Sufficient 
neutral red solution was then added to produce a concentration of 
50 P. P. m. The enclosure was then left in position until the tide 
had receded beyond it. There was negligible leakage of dye through 
the vertical joints of the enclosure. ieakage did occur beneath the 
bottom of the enclosure since water levels inside and outside both 
fell wt the same rate. However, dye that did leak was rapidly dis- 
persed by the tide and only mud within the enclosure was stained. 
The first area stained (x) was situated approximately 
25 m downshore from IvIHWS and left for seventeen tides. The second 
area stained (Y) was situated approximately 60 m downshore and left 
for three tides. Sampling was performed after seventeen tiaes at X, 
and after one ana three tides at Y. In each case samples measuring 
10 cm x 10 cm x 10 cm were collected at varying distances from the 
stained area and washed through a 20 mesh per inch sieve. -j: he 
numbers of stained and unstained corophium in each sample were noted.. 
Results from area Y axe given in Fig. 40 and from area X in Fig. 41. 
rrhe distribution of samples collected in the above 
method was restricted to four directions onlyq at right angles to 
each other. A second investigation was performed using a hollow 
aluminium cylinder 30 cm in height and enclosing 300 cm 
2 of mud, 
thus enabling samples to be taken in six directions from the stained 
Scale on inside 
of exclosure - 
marked at 10 cm 
intervals. 
0 
-14 
%JU Loill 
60 cm 
Fig. 39. Plywood enclosure for staining of 
CoroPhium volutator. 
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area (Z). The cylinder was placed approximately 40 m downshore of 
YJJWS and staining of the area was as described for X and Y. Samples 
were collected after one tide. The results are given in Fig. 42. 
A mean density for stained Corophium was calculated for 
each successive area beyond the perimeter of the stained area (i. e. lst 
area - 'up to 10 cm from perimeter; 2nd area - up to 20 cm from peri- 
meter; 3rd area - UP to 30 cm from perimeter; etc. ). The size of 
these areas was calculated as shown in Fig. 43. An estimation was 
then made of the total number of stained Corophium in each of the 
areas beyond the perimeter of the stained area. The mean density of 
stained Corophium. within the stained area was then calculated from the 
four samples collected in areas X and y and the one from area Z, and 
used to calculate the total number remaining within the area. This 
figure, summed with the estimated total of stained Corophium outside, 
gave an estimate of the total number of Corophium originally stained. 
The numbers of stained Corophium in each of the surrounding areas 
were then converted to percentages of the estimated total originally 
stained. The total density of Corophium (stained and unstained) with- 
in each area was also calculated and hence an estimate was made of the 
total number remaining within the area at the end of the experiment. 
By comparing this total with that at the beginning of the experiment, 
any net movement in or out of the stained area was detected. 
The lengths of all individuals collected (stained 
individuals inside and outside each areaq and unstained individuals 
from inside each area) were measured in the laboratory. 
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= 2000 +R Un + 10)2 - n2 ] cm2 
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= 2000 +A (202 - 102) 
= 2000 + 942-6 
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Results (Tables 19 and 20): - 
In all three experiments (XI Y and Z) stained Corophium 
were found outside the stained area, indicating that movement had 
taken place. In area y there was little difference between Corophium 
distribution after one and three tides. Approximately 2Cý; of the 
estimated total number of Corophium stained had moved from the area, 
most of these being found within 20 cm of the perimeter. In axea X, 
which was sampled. after seventeen tides, approximately 80% of the 
stained animals were found outside the stained area, most of these 
occurring between 10 cm and 20 cm from the perimeter. Area Z had a 
larger percentage (approximately 40%) occurring outside the stained 
area after one tide than area Y. However, if the Corophium all moved 
at about the same rate this would be expected, since area Z was smaller 
than area Y, and thus a Corophium moving 20 cm from the centre of Y 
would still be within the stained area, whereas one moving 20 cm from 
the centre of. area Z would be outside the stained area. The amount of 
movement detected in these experiments would be sufficient to explain 
the increase in density inside the exclosure by a net movement of 
individuals into it. 
In both areas X and Z (but not area Y) noticeably 
fewer 
Corophium were estimated to be present after the experiment 
than 
before, thus indicating a net movement away from the stained area. It 
might be argued that dyed sediment is unfavourable to Corophium and 
they therefore try to avoid it by moving away. If this were so 
then 
a large proportion of the movement demonstrated 
in these experiments 
could have been induced by the experiment itself and not 
be a natural 
feature of Corophium behaviour# However, in the preliminary experi- 
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ment to determine the optimum dye concentrationg Corophium burrowed 
quickly into the dyed sediment. In addition, if stained sediment was 
unfavourable to Corophium, it is unlikely that as many as 80% of those 
stained would have remained within the stained area for three tides. 
No evidence was found from the mean lengths of Corophium 
(Table 21) that larger animals moved further than smaller ones. 
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CHAPTER 6. DEITAILED STUDY OF HYDROBIA ULVAE 
i. Mean sizes of animals inside and outside Spaxtina. 
Measurements were made of all animals collected in June 
and December 1973 at Site B and August and December 1973 at Site E 
(see Chapter 4. iii. p 42). The length of each animal was measured 
from the base of its shell to the apex. 
from animals with broken apices). 
Results: - 
(Measurements were not taken 
Histograms of size distribution were prepared for all 
I 
animals taken within, and all taken outside, the Spartina, in summer 
and winter at Site B (Fig. 44) and Site E (Fig. 45). As may be seen, 
all distributions were unimodal and not markedly skewed. Hence t-tests 
between means axe appropriate. 
Mean lengths (+2 standard errors) were calculated for 
each sample at Site B (Table 22) and Site E (Table 23). Unlike 
Corophiump mean lengths of Hydrobia from individual samples within 
Spartina were not invariably greater than those from outside the 
Spartina at either of the two bites in summer and winter. Therefore 
pairs of individual samples were not compared using t-tests. Never- 
theless, at Site B in June, the three largest mean lengths occurred in 
Transect BS9 two of these occurring within Spaxtina (BS 90 and BS 120). 
In Transect BC the two largest mean lengths were both found at Spartina 
stations (BC 90 and BC 120). In December, animals with the largest 
mean length were found within S2artina (BS 90). At Site E comparisons 
between transects are irrelevant since only small numbers of Hydrobia 
were obtained from transect EM (8 in AUgust and 11 in lwcember). How- 
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Fig. 44. Histograms of size distribution for 
Hydrobia ulvae at Site B. 
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everp in both August and December the largest mean length occurred 
within Spartina at station ES 60. 
An overall mean length of Hydrobia from within aartin 
was calculated for each site in both summer and winter. 6imilax 
calculations were made for Hydrobia outside 3partina (Tables 22 and 
23). At Site B Hydrobia within Spartina were significantly longer 
than those outside in both June (t = 3.864P p <0.001) and December 
(t = 5.2029 P<0.001). At Site Eq no significant differences were 
found either in August (t = 0.555Y P >0.1) or December ýt - 1.9289 
P >0.05). However, the histograms show that at both 6ites B (Fig. 44) 
and E (Fig. 45) relatively more Hydrobia above 5 mm in length were 
found inside the SEartina than outside. 
ii. Mean dry, weights of animals inside and outside $partina. 
All Iýydrobia collected in December 1975 were sorted 
according to size class and transect. The small numbers of animals in 
some size classes made it impossible to divide the animals between 
those occurring inside and those occurring outside the Spartinap as 
with Corophium. Dry weights were determined as described for Corophium 
ýsee Chapter 5- ii- P 50). Before vacuum dryingg the mineral content 
of the shells was removed by dissolving them in N/5 hydrochloric acid. 
Resultst - 
Untransf ormed weights are given in Appendix 4 (P 141); 
weights plotted against lengths on a double logarithmic scale are 
shown for both sites B and E. in Fig. 46. At Site B four of the dry 
weights f rom transect BS were greater than the corresponding ones 
from transect BM. The probability of this occurring by chance is 
5 in 25 (p . 0.16) and hence not significant. 
At Site E the small 
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numbers of Ilydrobia in transect EM provide only three points on the 
graph for comparison with transect ES. It was concluded that at both 
Sites B and E there was no real differences between dry weights of 
Hydrobia from transects through Spartina and across open mud. 
iii. Habitat selection by Hydrobia 
Hydrobia densities in relation to silt/clay content of 
the sediment were investigated in Summer 1973 at Sites B and-F. 
(Fig. 47). Results from stations at MHVVSq which is at or above the 
upshore limit of Hydrobia distribution ýGreen 1968) have been omitted. 
At Site B (Fig. 47a) Hydrobia density tended to rise with increasing 
silt content up to approximately 50% silt/clay. Above this the 
density dropped until above 8-50/o silt/clay there were few or no 
Hydrobia. At Site E (Fig. 47b) all silt/clay contents were below 307o. 
The relationship shown is similar to the left half of Fig. 47aq and 
confirms the increase in Hydrobia density with increasing silt/clay 
content. 
iv. Winter predation of Hydrobia: EKclosure experiments 
jýmclosures of the type described in Chapter 5. V. (P 55) 
were used in a preliminary study of Hydrobia predation during winter 
1972/73 and in a further study during winter 1973[74. 
a. preliminaxy study - 1972[73: 
Exclosures were placed in each of the two areas used f or 
bird observations (Sites B and W- Figs. 2 and 4) to provide results 
comparable with those obtained from direct observation of bird feeding 
behaviour. The Site B exclosure was positioned approximately 110 m 
downshore from MHWS along transect BM on 20[9/72. The Site W exclos- 
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75. 
ure was positioned approximately 190 m downshore from MHWS on 
16/10172. No samples were taken at the time of positioning the 
exclosures. The Site B exclosure was removed on 11/5[73 and eight 
10 cm x 10 cm x 10 cm mud samples taken from within the area of the 
exclosure and eight from outside. The Site w exclosure was removed 
on 9/'5[73 and 16 samples taken, as at Site B. 
Results: - 
The numbers of Hydrobia in each sample associated with 
the two exclosures are shown in Fig. 48, together with mean densities. 
At Site B in May the density of Hydrobia within the exclosure was 
significantly higher than outside (t = 3.27, P <0.01). At Site W the 
difference was not significant (t = 0.4779 P> 0.1). Filamentous 
green alga was present within the Site B exclosure although no measure- 
ments were made of its abundance. If predation outside the Site B 
exclosure was solely responsible for the difference in densities then 
approximately 2,000 Hydrobia per m2 ý20 million per ha) must have been 
taken during the time the exclosure was in position. (cf. Ch. 7. iv. p 97 . 
The Redshank mean daily predation rate per ha at SiteB in 1973/74 
4.3 
suggests that approximately j million small food items were taken per 
ha by Redshank during the time the 1972173-exclosure was in position, 
-233 
i. e. 2at days. ) Alternativelyt or additionally, the difference in 
densities could have been caused by a net movement of Hydrobia into 
the exclosure. 
At both Sites B and w no significant differences were 
found between the mean lengths of Hydrobia inside and outside the 
exclosures (Figs. 49 and 50). 
a. 
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b. 
17 25 
18 16 
1-* 3m 30 3m 
Exclosure 
14 
17 
Spring mean density inside exclosure 1700 t 696 per m2 
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Fig. 48. Results of Hydrobia ulvae exclosure 
experiments in 1972/73 at a. Site B and b. Site W. 
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b. 1973/74 study: - 
in 1973/74 exclosures were restricted to Site B to com- 
pare predation inside and outside areas of Spartina. In addition to 
the exclosure used to study predation of Corophium on transect BM 
(Ch. 5. v. P 55) another exclosure was positioned approximately 110 m 
downshore from MHWS on transect BS on 29/10173. The exclosure on 
transect, BS was removed on 814/74. Autumn and Spring densities of 
Hydrobia were determined at and near exclosures as described in 
Ch. 5. v-(P 55)- In view of the possible net movement of Hydrobia 
into the Site W exclosure in 1972/73 sediment characteristics were 
compaxed inside and outside each of the two 1973/74 exclosures (as 
described in Ch. 5. V. ) to check possible factors attracting Hydrobia. 
Results: - 
The numbers of Hydrobia in each sample associated with 
the two exclosures are given in Fig. 51 together with mean densities, 
which axe compaxed in Table 24. Sediment characteristics are given 
in Table 25. In both exclosures there were no significant differences 
between Autumn and Spring densitiest either inside or outside the 
exclosure (Table 24). Similarly there were no significant differences 
between mean lengths at either of the exclosures (Figs. 52 and 53). 
These results would have been expected if predation outside the 
exclosure had been negligible or if free movement of Hydrobia into and 
out of the exclosure had taken place. 
v. Movement of Hydrobia 
Wood ý1972) compared the movement of marked Hydrobia on 
open mud with that near areas of 'Enterom *A similar method was 
Alo 
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Fig. 51. Results of H- drobia ulvae exclosure, experiments 
on a. Transect BM and U. Transect BS in 1973 / 74. 
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TABLE 24 
Comparison between Hydrobia densities associated with 1973/74 exclos- 
ure 
Comparison t P 
Autumn and Spring inside 
exclosure 1.544 >0.1 
Transect Autumn and Spring outside 
BS exclosure 1.378 >0.1 
Spring inside exclosure and 
6pring outside exclosure 0.286 >0.1 
Autumn and Spring inside 
exclosure 1-537 >0.1 
Transect Autumn and Spring outside 
BM exclosure 0-432 >0.1 
Spring inside exclosure and 
Spring Putside exclosure 1.222 >0.1 
'Aid 
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TABLE 25 
Sediment characteristics of Transect BS exclosure in 1973/74. 
Sediment characteristic Inside outside 
Carbon content 6.3 Wo 6.28% 
Silt content 78.0 &1o 78-41% 
Median particle diameter 155 p 155/1 
N. B. For sediment chaxacteristics of Transect BM9 
see Table 179 p. 60. 
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used a) to assess the importance of IýYdrobia movement as a contributory 
f actor in the exclosure results outlined above and b) to compare move- 
ment of Hydrobia inside and outside areas of Spartina, 
Studies were made approximately 100 m downshore from 
MHWS on transect BS and at an equivalent level on transect BM. At 
each site a 50 cm x 50 cm quadrat was placed on the mud surface and 
Hydrobia removed f rom within the quadrat. All Ilydrobia were washed in 
a sieve, dried on filter paper and marked with orange cellulose paint. 
A total of 97 animals from transect BS and 96 from transeCt BM were 
marked in this way. When the paint had dried the animals were wetted 
with seawater (to disperse trapped air bubbles) and replaced in their 
respective quadrats. 
After 11 21 12 and 19 tides, the numbers of marked drobia 
in each quadrat were noted. In addition the area immediately surround- 
ing the quadrat was searched carefully for marked Hydrobia. The 
shortest distance between each of these and the perimeter of the quad- 
rat was then noted. 
Resultst - 
For each of the four observations at the two sites the 
mean distance moved by Hydrobia from the perimeter of the quadrat was 
calculated, using the total number of marked Hydrobia observed at that 
time. All Hydrobia remaining within the quadrat were treated as 
having moved 0 cm. jLn additiong for each observation and sitev the 
percentage of marked Hydrobia which remained within the quadrat was 
calculated. The results are given in Figs. 54 and 55. 
At first Hydrobia within the Spartina dispersed at a 
slower rate than those on open mud. Howeverg between 12 and 19 tides 
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800 
the mean distance moved within 
_S 
Spartina rose to 44 cm, only 15 cm less 
than that outside. This degree of movement (a mean of approximately 
1 
2m in 19 tides) is quite sufficient to affect the validity of the 
exclosure results as indicators of predation pressure. 
in both transects the percentage remaining within the 
quadrat dropped by more than 5Wo during the first high water period. 
Animals might have been affected by the marking procedure if the 
paint had trapped air bubblesq since this would have caused them to 
float away involuntarily with the tide. Alternatively, marked 
animals may have burrowed beneath the sediment surface before counting 
took place. The percentage remaining within the transect BM quadrat 
continued to drop rapidly while the percentage remaining within the 
transect BS quadrat dropped at a slower ratea After 19 tides both 
had dropped to approximatelY 
-14 
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CHAPTER 7. THE SHOREBIRD FAUNA OF SPARTINA MARSHES 
i. Shorebird species associated with Spaxtina at Lindisfarne. 
Preliminary observations during the winter season of 
1971/72 suggested that very few shorebirds occurred within the dense 
swards of Spartina. This was confirmed by incidental observation 
during the following two seasons. The high density of Spartina stems 
(238 1 23-4/m 2 at Site B) may account for this by preventing birds 
from landing easily and also restricting their movement once on the 
ground. Howeverg birds were found regularly on the open patches of 
mud between Spartina clumps, although they were frequently hidden from 
view in areas of high clump density. Consequently an attempt was made 
to minimize the obstructing effect of clumps when selecting areas for 
quantitative study. Two sites were chosen at Elwick (Site w- Fig. 
and Budle Bay (Site B- Fig. 2) in areas of contrasting invertebrate 
faunas. wooden stakes were used to mark out an area of 100 m along- 
shore by 200 m downshore at Site Wý and 60 m alongshore by 200 m down- 
shore at Site B. Fase of observation and a sufficient number of birds 
at the two sites were the criteria used in selecting these particular 
dimensions. In both cases 200 m was sufficiently fax downshore to 
extend just beyond the seawaxd limit of the main growth of Spaxtina. 
observations at Site B were made from a green canvas hide 
situated approximately 25 m from the seaward limit of the saltmarsh. 
At Site W it was not possible to erect a hide and observations were 
made from the top of a bank 2m high, approximately 10 m from the 
landwaxd edge of the Spartina. 
on a number of days during the 1972/73 season, short 
observations of af ew hours each were made at the two sites. 
The results 
Ao 
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were treated as described for the 1975/-74 observations (see below) and 
are given in Appendix V, p 162. This Preliminary Programme provided 
a basis from which the main 1973[74 programme was devised. 
During the season 1973/74 six days were selected for 
observation of the use of the Spartina marshes by shorebirds, two at 
the end of October and beginning of November, two in late January and 
two in early April. Each pair of days consisted of one with a midday 
high tide and one with a midday low tide, thus covering the maximum 
and minimum daylight feeding times available to the birds. Lack of 
suitable equipment prevented meaningful data f rom being collected at 
night. Howeverg incidental observations made under the f ull moon 
suggested that night feeding was negligible, possibly because of the 
mild winter. jyata collected and processed according to the day time 
tidal cycle were therefore considered to be legitimate for comparisons 
between species. 
Severe gales and heavy rain in January produced very 
atypical bird distributionsv driving many inland to the fields. Four 
Curlew were the only shorebirds observed at Site B during the whole 
midday low tide observation period for midwinter, spot checks were 
made during the following weeks which confirmed that the birds had not 
returned to the flatsq so midday high tide observations for midwinter 
were abandoned. 
on each day, observations were recorded simultaneously at 
the two sitesp by the author at B and by M. W. Pienkowski at 
W. Observ- 
ations commenced-at dawn and terminated at dusk. Unless disturbance 
occurred, the numbers of each species which were feeding and 
the total 
number of that species present were recorded in each area at 
15 minute 
-14 
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intervals throughout the day using a 15 - 60 x telescope. 
From these results (see Appendix V, p 142) , both the mean 
density of each species present in the area and the mean density 
feeding were calculated for each hour of the low tide cycle. To 
compare utilisation of the Spartina areas by different species on a 
seasonal basisq the five days of hourly means were combined to calcu- 
late a single seasonal mean for each hour of the low tide cycle. 
e. g. Redshank - Site B- 3rd hour after High Water 
observations 
mean 
Observations( 
Mean 
31/10/, 73 
present feeding 
33 
observation Days 
8/11/73 
present feeding 
00 
30/1/74 
present feeding 
00 
2200 
222200 
222200 
2.25 2.25 1.25 . 25 00 
3/4174 1114174 
present feeding present feeding 
77 12 12 
13 12 54 
no observation 33 
13 12 43 
11.0 10-33 6. oo 5.50 
84o 
Seasonal mean for Redshank present = 2.25 + 1-25 +0+ 11.0 + 6.00 
5 
= 4.1 birds in 1.2 hectares 
= 3.42 birds/ha 
Seasonal mean for Redshank feeding = 2.25 + 1.25 +0+ 10-33 + 5.50 
5 
3.87 birds in 1.2 hectaxes 
3.23 birds/ha 
Results are shown in Figs. 56 and 57. A more simplified 
comparison was obtained by summing the twelve seasonal means of each 
species, low tide cycle to give a single total, an 'index of occurr- 
encet (or 'index of feedingt ). 
e. g. Redshank - Site B. 
Hours after 
high water 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Seasonal mean 
density present 
(Numbers per ha) 
0 
3.07 
3.42 
3.38 
1.98 
2.55 
2.00 
2.18 
2.04 
3.33 
4.22 
1.72 
Total: 29.89 
('Index of occurr- 
ence') 
Seasonal mean 
density feeding 
(Numbers per ha) 
0 
2.46 
3.23 
3.25 
1.51 
2.34 
1.92 
1.73 
1.92 
2.61 
3.44 
1.57 
Total: 25-98 
('Index of feeding') 
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Fig. 56. Seasonal mean densities of shorebirds present 
and feeding during one low tide cycle at Site B in 
1973/74. 
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These indices are a function of both the mean density of a particular 
species and the time spent by it in the area. Although of limited 
absolute value, they are useful quantities for comparing utilisation 
of the Spartina area by two or more species. 
Results i- 
The shorebird species recorded in the Spartina. study areas 
axe given in Table 26 together with their respective indices of occurr- 
ence and feeding. Those with an index of occurrence of less than one 
are of negligible importance in the functioning of the Spartina 
community. of the remaining species, it is quite evident from their 
indices of occurrence and f eeding that the Redshank and the Dunlin are 
of far greater potential importance in the Spartina community than the 
other species recorded. At Site B the Redshank predominates while at 
Site W the Dunlin does so. Inspection of Figs. 56 and 57 shows that 
in addition to the difference in indices of occurrence of the two 
species, there is a difference in their patterns of appearance through 
the course of the low tide cycle. In both areas the Redshank is 
present consistently throughout the low tide period, albeit in smaller 
. C'- 
numbers at Site W than at Site B. At both sites, however, the Jýunlin 
occurs fax more sporadically, usually in large flocks for short periods 
of time. It is the size of these flocks rather than the time spent in 
the area that accounts f or the predominance of D-unlin over Redshank 
at Site W, when assessed by an index of occurrence. The majority of 
the Dunlin population at Lindisfarne feeds on the open mud beyond the 
Spartina and is only forced to feed in the spartina towards the 
time of 
high tide, 
'Alo 
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TABLE 26 
Indices of occurrence and feeding for shorebirds at Sites B and W in 
973/74 
Site B Site W 
Index of Index of Index of Index of 
Species occurrence feeding 
I 
occurrence, feeding 
Redshank 
ýZrýn6a totanus 29.89 25-98 7.93 5.50 
Dunlin 
(Gajjdxi_s_aJLpina_) 13-57 12.91 28-37 27-85 
Curlew 
(Numenius arquata) 1.20 0.33 0.13 - 
Bar-tailed Godwit 
(Limosa lapponica) 2.05 1.99 0.15 0.15 
Oystercatcher 
(Haematop! ýs ostralegus) 1.70 1.24 -- 
Grey Plover 
(Charadrius squatarola) 0.20 0.20 0.90 0.87 
-Shelduck (Tadorna tadorna) 0.45 0.45 
Turnstone 
kArenaria interpres) 0.08 0.08 
Mallard 
(Anas platyrhynchos) 0.08 - 0.09 
Teal 
(Anas crecca) 0.11 0.05 
Knot 
(Calidris canutus) - 
1.25 1.25 
Lapwing 
janellus vanellus) 0.05 - 
87* 
The temporal pattern of these observations suggests that 
the Spartina area may be of more importance to the Redshank than to 
the Bunlin. The consistent presence of the f ormer among the Spartina 
clumps: implies that a def inite Proportion of the Lindisf arne Redshank 
population chooses to obtain most or all of its food from this area. 
An estimate of the size of this proportion is necessary to quantify 
the importance of the Spartina to the Redshankq and is given later. 
Dunlin, because of their sporadic appearance among the Spartina, seem 
less dependent on this acea for their food requirements, although they 
may have to feed there at times to obtain their daily food requirements 
(e. g. when lower tidal levels are flooded, especially in cold weather). 
-predation pressure on mud-dwelling invertebrates from a 
bird species feeding in small numbers over a long period of time can 
be as intense as that from a second species feeding in large flocks 
for short periods. To distinguish quantitatively between the predation 
pressures exerted by the Redshank and the Dunlin requires determination 
of what both birds were taking and at what rate. The nature of the 
study areas and the small size of the birds, makes this very difficult 
in the case of the Dunlin, because peck rates cannot be measured and 
small food items identified by simple observation using a telescope. 
Consequently a quantitative estimate of predation pressure has been 
attempted only for the Redshank. 
ii. Redshank distribution at Lindisfarne 
Quantitative observations were restricted to 
the 12 square 
miles of intertidal mudf lats and no attempt was made 
to estimate the 
numbers of Redshank feeding in the nearby f ields. The large area 
involved made this impracticable, and in additiong occas 
'onal observ- 
880 
ations through the season revealed that the proportion feeding in the 
f ields was negligible, except during the January gales when it increas- 
ed noticeably. 
To determine the preferred intertidal feeding sites of 
Redshank at Lindisfarneq its distribution was investigated when the 
available feeding area was at a maximum (i. e. at midday low tide) on 
three days during the winter season 1973/ 74. These were in early 
Novemberl mid-January and late March. The large area involved made it 
impossible for one person to map the Redshank distribution meaning- 
fully during one low tide cycle. Consequentlyq the area was divided 
into a number of sections with one or more observers assigned to each 
section. All sections were covered simultaneously within about a two 
hour period around low watert thus minimising the effect of Redshank 
. movements 
between sections. Any movements that did occur were notedq 
together with time and direction. The geographical location of each 
Redshank, or flock of Redshank, was recorded on a sketch map, together 
with the numbers in each f lock and the time of observation. In additiont 
note was taken of the habitat zone in which the birds were feeding. 
The zones were classified as follows: - 
within the Spartina swards 
2. Around the clumps of Spartina 
on open mud 
Along the tidal or burn edges 
Other habitats (e. g. sea beaches on the North Coast 
of Holy Island). 
Any birds feeding in the vicinity of very isolated 
"pioneer" Spartina clumps were assigned to zone 3. Birds 
flushed from 
890 
the main swards could either have been feeding amongst the stems of 
Spartinag or on small patches of open mudt and no distinction between 
these two was attempted during the survey. Howeverg observations of 
footprints and faeces suggest that most Redshank within the swards 
confine themselves to the small patches of open mud. 
All sketch maps obtained on each day were incorporated 
into a large map of the whole area. This was divided into t square 
kilometres and the number of birds occurring in each square was 
calculated. 
a. overall distribution: - 
All 3 maps kFigs. 58,59 and 60) show a similar pattern of 
distribution on Fenham Flats. Redshank were concentrated along the 
High Tidal levels and along the burns and the main channel. They were 
noticeably f ewer or absent altogether from much of the mid-tide zone. 
in particular where the sediment is coarse. The most noticeable 
seasonal feature is the restriction of most Redshank to the High Tidal 
level in january. Strong gales occurred during much of this month 
and in such conditions in previous wintersq Redshank have avoided the 
exposed parts of the mudflats and have been observed sheltering on the 
CAYWOgt cam? (eft 
leeward side of Spartina, clumps. Their absence from the 
exposed North coast of Holy Island during january supports this 
inference. in addition to changes in distributiong the overall 
population total in january was reduced to approximatelY 360. manY 
birds appear to have settled in the more sheltered fields or moved 
away altogether. as on the wash (Goss-Custard and Jones - 
in press) 
Grangon spp. may be an important prey of Redshank feeding 
in the main 
channel and on the North shore of Holy island in Autumn and spring. 
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The winter migration of Crangon spp. to deeper waters (Lloyd and 
yonge 1947) might therefore be a cause of the movement of Redshank 
away from these areas in mid-winter. Redshank distribution on 
Fenham Flats in march was similar to that in early Novembert ýapart 
f rom some reduction in the numbers) and presumably represents the 
chosen distribution of the species when climatic factors are not 
limiting and preferred prey items are available. 
The pattern of distribution in Budle Bay is less clearly 
defined, partly because of the smaller area involved. Also a higher 
percentage of the Bay consists of favourable habitat zones and 
sediments. There is a proportionately greater peripheral High water 
zone, and two substantial burns which flow through 10 of the 15 I= sq. 4 
kms. These two factors combined may well account for the wide 
distribution of Redshank in the Bay. all three maps indicate that 
the North corner of the Bay was an unfavourable habitat. Ladle ý1966) 
gives a silt percentage of 5 or less for this corner, and the corres- 
ponding coarse nature of the substrate is comparable with that on 
parts of Holy Island Sands in its unattractiveness to Redshank. in 
anuary, other parts of the Bay also had reduced Redshank numbersq 
similar to the situation on Fenham Flats, as would be expected from 
overall climatic conditions. 
b. Preferred habitats: - 
on Fenham illatsp kTable 27), the percentage of the 
. Kedshank population 
found within the Spartina sward remained relatively 
constant throughout the season. However, in the other 
habitatsq the 
percentage of fledshank fluctuated dramatically. As would be expectedg 
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the concentration of Redshank around the periphery of Fenham Flats in 
Januaryq is reflected in the high percentage associated with Spartina 
clumps. in late Marchq reduced numbers in the Spartina clumps were 
evidently not associated with a return to the open mud. Howeverg 40% 
of the population were feeding along the burns or in the mid-channei. 
The spring tide on March 28th (12.0 m) would have exposed more low 
tide feeding areas than the neap tide on November 1st (11.4 m). 
The Spartina swards in contained a low percentage 
of the Bay's Redshank population in early November and late March. 
The increased percentage in January is a reflection of the sharp 
drop in numbers all over the Bay, and not a real increase, since the 
actual number occurring in the swards was slightly lower than in 
November and March. The January drop in Redshank numbers at Budle 
Bay was much larger than the comparable decrease on Fenham Flats, and 
it would appear that a higher percentage of Redshank from Budle Bay 
f lew inland than f rom Fenham Flats. This may ref lect better f eeding 
in the flooded meadows behind Budle or relatively less shelter among 
the Spaxtina in the Bay. 
Combined results for the total area indicate that between 
28.4% and 62.4% of the Lindisfarne Redshank population feed in assoc- 
iation with the Spartina (clumps and swards together) during the 
daylight low tide cycle, depending on the climatic conditions. This is 
an appreciable proportion of the population. The majority of 
these 
(a mean of 62.7% of those associated with ýpartin feed among 
the 
clumps. 
brief investigation of the preferred prey items of the 
Redshank has been carried out. This, together with knowledge of 
the 
-1 ýddpw 
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distribution of these prey items among 2p2: EtinaL and elsewhere, 
should give some indication of why the Redshank distribution is as it 
is at the momentq and what the likely outcome is of further Spaxtina 
sward extension. 
iii. The diet of Redshank at Lindisfaxne 
To compile a list of prey items taken by the Lindisfarne 
Redshank, when feeding in association with Spartinal gizzards of a 
number of birds collected from the area were examined. The collection 
of birds for gizzard analysis was difficult since they were very wary 
and the results obtained can be severely biased by the differing 
digestion rates of the various prey items. Problems associated with 
this are discussed fully by Goss-Custard (1973). Since accurate 
information on the relative amounts of different prey items taken was 
not required, only a small sample of 17 birds was shotg under licence 
from the Natural Environment Research Councilq during the seasons 
1971/72 and 1972/73. The birds were taken from 4 different sites 
among the S2artina (Penham Mill, Teal Hole, Elwickp Budle Bay - see 
Fig. 1) at varying times during the two seasons. AS far as possible, 
birds were shot where they had been feeding; where movement had 
occurred it was usually only from one part of the S2artina marsh to 
another. 
immediately on collection, a 107o formalin solution was 
syringed into the oesophagus to arrest digestion (Van Koersveld 1951). 
Within 20 minutes of collection, the oesophagus and gizzard were 
removed and preserved in 10% formalin. Examination of oesophagus and 
gizzard contents was Carried out under a 10x binocular microscope. The 
number of each prey species was determined by counting intact individ- 
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uals and certain characteristic fragmentst as discussed by Goss-Custard 
(1973). He provides a list of suggested fragments for the common prey 
items of waders, and emphasises the need for different workers to use 
the same criteria when describing in quantitative terms a birdis diet, 
so that results can be meaningfully compared. The criteria suggested 
by Goss-Custard were used in this study and are as follows: - 
1. polychaetes, e. g. Nereis: - 
Intact animals; fragments containing the head; 
individual mandibles (divided by 2). 
2. Gastropod molluscs (e. g. Hydrobia and Littorina): - 
Intact animals; shells where all the whorls are 
represented. 
Bivalve molluscs (Macomat Mytilus and Abra): - 
Intact animals; single compiete shells or umbos 
(divided by 2). 
Amphipods and Isopods ýCorophiumq Gammarus and ILotea): - 
Intact animals; fragments with head; 2nd antennae 
(divided by 2). 
Decapod crustaceans: - 
Carcinus - Intact animals; complete shells; chelae 
(divided by 2). 
Mysids - Intact animals; fragments containing head. 
Insects; - 
Intact animals; fragments containing head. 
Methods of presenting the results are discussed by 
Hartley (1948). In the present studyv the frequency is given of each 
prey species within the sample of seventeen birdsq along with 
the mean 
number per bird. This was considered the most satisfactory method of 
determining prey species which are important in the diet of 
the 
Redshank, but underestimates the contribution to the diet of soft- 
bodied animalsq e. g. Oligochaetes. Assessment of volume kHartley 19489 
959 
Rynes 1950, Newton 1967) was not thought valid since in many cases 
there is a major discrepancy between the volume occupied at the time 
of counting and the actual volume taken in by the bird (e. g. Nereis 
mandibles). 
Results: - 
Results for each of the four areas, and the areas 
combined, are given in Table 28. No attempt has been made to correct 
for differing digestion rates ýGreenwood and Goss-uustard 1970). All 
major prey items, except Corophiump have been estimated using hard 
calcareous or chitinous fragments, the digestion rates ol' which are 
compaxativeiy slow. In the case of Corophium, the figures as they 
stand, without correcting for its more rapid digestion rate by 
comparison with e. g. molluscs, indicate quite clearly that it is 
a major prey item in three of the four areas. 
At Fenham Mill and Budle Bay Corophiumq Hydrobiag 
Littorinal Nereis, Carcinus and Mytilus were important prey species, 
all of them occurring in at least 507o of the birds at the f ormer site, 
and at least 67% of the birds at the latter. For both birds collected 
at Teal Hole Corophium was the most important species, both in 
frequency ý100%) and mean number per gut (70). Elwick is the only 
area where Corophium was absent from the substrate and consequently 
did not form any part of the diet. The three main prey species in 
this area were Hydrobiag Nereis and Littorina, all of which occurred 
in 7Yo of the sample. 
Taking the four areas combinedp it is quite cleax 
that 
the main prey species for each area fall within a common group of six 
(Corophiumv Hydrobiat Littorina. Nereis. Carcinus and My each 
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species occurring in at least 4776 of the birds collected. Although 
Nereis would, at first sightt appear to be the most important species, 
its numbers are based almost entirely on mandible counts alone, and 
little is known of how long these relatively indigestible fragments 
remain within the gizzard. A correction factor applied to the 
Corophium result to allow for its faster rate of digestion, would 
certainly make it the species with the largest mean number of 
individuals per bird. However, even without these corrections it is 
clear which invertebrate species are most important in the diet of 
Redshank feeding among Spartina. 
iv. Invertebrate predation by Redshank at Lindisfarne 
The role of the Redshank in the ecology of the mud-dwell- 
ing invertebrates can best be quantified by estimating the number of 
animals taken by Redshanks during one winter season. This figure 
is a function of 3 componentst - 
1. The number of Redshank feeding in a unit area 
2. The length of time spent f eeding (per day x number of 
days) 
The rate of ingestion of prey 
These 3 components can all vary widely through the 
season, depending on several factors. For exampleg component 1. will 
depend on seasonal movements of the birdst e. g. moving inland during 
harsh climatic conditions. Component 2. will depend on length of 
daylight and monthly tidal variations. component 3. will vary 
between 
individual birds and in addition, Goss-Custard (1969) has shown 
that 
urn 
it is dependent on substra temperature. To estimate accurately 
the 
number of invertebrates removed by Redshank in one winter requires 
-29 
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careful consideration of all these variables. Howeverg since 
individual variation in calorific intake per day is unlikely to be 
more than 207o, it was considered that relatively few observations 
would be necessary to ascertain whether Redshank removed most or very 
few of the invertebrates which disappeared in the wild. 
Method: - 
observations on Redshank f eeding behaviour were made by 
the author and M. W. Pienkowski simultaneously at the same 2 sites and 
on the same days as those used in i. (p 81). No observations were made 
of night feeding because of the lack of suitable equipment. Most 
Redshank appeared to stop feeding at dusk and it was hoped that 
omission of night observations did not introduce any serious errors 
into the result. The mild winter probably reduced the need for 
Redshank to feed at night. Predation rates by individual Redshank, 
feeding within the study areas, were measured during the 15 minute 
intervals between each , shorebird countq 
by noting the number of 
(Swattow-s) 
successful pecks/per minute whenever possible. Birds frequently 
disappeared behind Spartina clumps during the course of the minute Is 
observation. In this case, the length of the observation period was 
noted and all those of less than 15 seconds duration were disregarded. 
As many minute observation periods as possible were c6llected for each 
bird, but obstruction by clumps frequently restricted these to 1 or 2. 
A mean predation rate was then calculated for each individual bird 
(see Appendix V9 p 163)- 
Results: - 
Individual mean predation rates were combined to investi- 
gate a variation with time after high water ýFig. 61) and b variation 
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with season (Fig. 62). At Site B there was a non-significant tendency 
for lower f eeding rates around low water, whereas at Site w no clear 
trends were evident. At both Sites B and W variations in predation 
rate between seasons were less marked than that between the two spring 
observation days at Site B. Since predation rate showed no clear 
trends with either time after high water or seasont individual 
predation rates f or 1973/34 were combined to calculate a seasonal V, - 
mean predation rate for each site. At Site W there were often few 
Redshank feeding within the area staked out. When this occurred, 
results were supplemented by observing Redshank just outside the 
marked area. No diff erence was f ound between the mean f eeding rate 
of birds within the areaq and that of birds within and without the 
axea combined (t - 0.1249 P >0.1)- 
Since intervals between measurement of Redshank feeding 
behaviour throughout the season were unequalt and mid-winter was 
represented by one day's observation while Autumn and spring were 
each represented by two, separate estimates of the mean density of 
Redshank f eeding at the two sites f or Autumnt 6pring and Winter were 
not considered feasible. Instead the seasonal indices of feeding 
calculated in i. were used as shown below: - 
1. Site B. 
Seasonal mean predation rate = 12.01 
+ 1.56 items/ birdiminute 
= 720.6 
+ 46.8 itemstbird/hour 
Seasona! mean number of Redshank feeding/ha through 
12 hours of low 
tide cycle ýFig- 54) =0+2.46 + 3.23 + 3.25 + 1.51 + 
2.34 + 1.92 
1.73 + 1.92 + 2.61 + 3.44 + 1.57 = 25-98 kindex of feeding) 
100. 
Mean daily predation rate per hectare = 720-6x 25.90 
= 18721.2 items removed by R. edshank/ha/"day. 
Length of time exclosure in position = 151 days. 
0 
- Estimated number of food. items removed by Redshank in that time 
= 18721.2 x 151 
= 2,826,201. items/ha. 
Site W. 
Seasonal mean predation rate = 11-14 ýý 3.08 items/ bird/ mLnutc, 
= 668.3 
+- 184.8 items/-bird/hour 
Mean da i ly predation rate per hectare = 668.3 x 55.50 (i-ndex of 
eeding) 3 (ý, 74 - 2, 3495.5 items remo-ved by 
Redshank/ha[day 
Estir-n-ated number of food items removed by Redshank during season 
3676-2 
5 5.5 x1 SS-57 106 
I 
F-ýy 9Re, items/ha. 
The seasonal mean predation rates f or both sites were 
considerably lower than those fou-cid at Aberdeen by Goss-Custard (1969) 
which were in the region of 60 items per bird per minute at comparable 
mud temperature ý-: l (Lindisfarne mud temperatures never dropped below 
60C on any of the observation days) . At Aberdeen above 
60c the diet 
was predominantly Corophium. At Lindisfarne Corophium was only 
available at Site Bý and at both Sites B and W Nereis was an important 
prey item. The additional handling time needed to deal with Nereis 
may partly explain the lower predation rate at Lindisfarne. 
Buring 1973/743, Redshank removed abou-L 5 -times as i-ary 
prey items from Site B as they did from Site W. This was to be 
101. 
expected since there was no significant difference between the mean 
predation rates by a Redshank in the two areas 0=0.5049 P)0.1) and 
the indices of feeding in the two areas differed by a factor of approxi- 
mate ly 4.7. 
- 
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CHAPTER B. DISCUSSION 
This thesis has been concerned with four main problems. 
(1) what changes take place in the invertebrate communities of mud 
flats when colonised by Spartina? (2) Why do these changes occur? 
0) Are areas colonised by Spartina still used by shorebirds as 
feeding sites, and if not, why not? (4) What effects on shorebirds 
are likely to occur if Spartina spreads further over the mud flats at 
Lindisfarne? It will be remembered that the problems have had to be 
studied by simultaneous comparison of areas with and without Spartinav 
at equivalent tidal levels and similar substrates, since an historical 
study of changes within a single area would have required longer than 
the three years available for the project. The answers to the four 
problems will be considered in turn. 
ý 1) Changes in the invertebrate communities were detailed in Chapter 
4 and are summarised in Table 29. As may be seen from Table 309 a 
general reduction in both the variety of large species and the total 
number of animals present occurred within Spartina at Site B. The 
results at Site W and Fenham mill supported these findings. However, 
at Site E this trend was reversed with increased numbers of animals 
and large species occurring within the clumps of Spartina. 
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TABLE 29 
Summary of invertebrate distributions in relation to Spartina at 
Lindis-farne. A distinction is made between the presence of a species 
in the summer (S) and the winter kW) at Sites B and E. The larger 
density of the two is indicated (*) unless the're is no obvious 
difference between them. At Site W and Penham Mill, where only one 
sampling programme was undertaken, the presence of a species is 
indicated by P. 
Species are indicated as present if they occurred in one or more 
samples from the particular habitat ýSpartina swardsq Spartina clumps 
and open mud) at a site. 
Species Spartina sward Spartina 
Clumps 
()p 
mu 
en 
d 
Site Site Fenham Site Site Site Site 
B W Mill B E B E 
Corophium volutator S P P S 
S* 
W* W* W 
Hydrobia ulvae S* S* S S S* 
W W W* W W 
Macoma balthica S* S* S* 
W W W W 
Arenicola marina S* S* 
S* 
W W W 
Nereis diversicolor P P 
S* 
W W W 
Carcinus maenas S* P 
S* S 
W W W 
Scoloplos armiger S S W 
S 
W* 
S* 
W 
Littorina saxatilis S P- 
S S* 
W* W W W 
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An additional comparison was made between the communities 
by calculating an index of diversity kH") -for each one from the 
ormula: - 
s 
H" =- 
ý- ni) 1092 ni 
i=l 
(n (n 
where ni = mean number of individuals of species i per m2. 
n mean number of individuals of all species per m2 (Shannon 
and Weaver 1963) 
This measure of diversity depends both on the absolute number of 
species and on the distribution of individuals between species, i. e. 
the eveness, which may be calculated as 
j 
HI, observed 
H" maximum 
where HII maximum = log 2S 
(Tramer 1969). 
AS might be expected from the number of species present at each site, 
lower indices of diversity were found within the Spartina at Site B 
and on the open mud at Site E. Howeverg the relatively low values of 
i within the Spartina at Site B in summer, and on the open mud at 
Site E in winter, indicate that some of the reduction in these indices 
of diversity was due also to a less even distribution of 
individuals 
between species. Although the differences in diversity between 
the 
Spartina and open mud at Sites B and E were small they were consistent 
over both summer and winter. It must be remembered 
that no attempt was 
made to examine any small species presentý so that 
the meiofaunal 
component of the community has not been included 
in the above compari- 
sons. 
(2) It is quite clear that colonisation of mud 
f lats by Spartina does 
lead to a change in the invertebrate communityq although 
the nature of 
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this change can vary significantly. Howeverg it is less easy to 
isolate the factors which bring about this change, and to attempt to 
do so requires consideration of how Spartina might affect the sediment 
in which the invertebrates exist. 
Although differences between sediment characteristics 
inside and outside areas of Spartina (Chapter 3. ) could have led to 
the present Spartina, distribution, the widely known ability of 
Spartina to accrete silt rapidly (Ranwell 1964a) suggests that the 
high silt/clay content within Spartina at Site B is almost certainly 
an effect of Spartina growth. At Site E the much lower silticlay 
content within Spartina may have resulted from the more exposed position 
of the site and the lower density of the Spartina (Chapter 2, p 15 )- 
Both these factors would tend to prevent sufficient slowing down of 
water currents to allow the settlement of fine particles. 
Many of the differences in sediment properties within 
and outside Spartina are associated with the high silt/clay content 
within the sward. The close relationship found between particle size 
and J carbon content and ii nitrogen content at both sites support 
the findings of Newell (1965). The high silt/'clay content within 
Spartina includes appreciable amounts of organic detritus. odum and 
De La Cruz (1967) found a much greater weight of ash-free dry organic 
matter per litre (2 - 20mg) at the mouth of a small 
tidal creek drain- 
ing a Spartina saltmarsh at Sapelo Island, Georgiaq U. S. A. I 
than had 
been found for open seawater and other fertile locations (e. g. 
Plymouth Bay and Long Island Sound) where particulate organic matter 
was approximately 1-3 mg per 1. This high organic proportion 
of 
the silt/dlay fraction from Spartina marshes is clearly reflected 
in 
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the high carbon content of the sediment. The large surf ace area per 
unit volume of smaller particles allows a high Population of micro- 
organisms to exist, using the dead organic detritus as a substrate 
for their nutritional requirements. Thus the nitrogen content, which 
reflects to a large extent the density of micro-organisms (Newell 1965, 
Meyer 1973), is closely related to the particle size of the sediment. 
At Site B the negative correlation between particle size 
and depth of the Redox-potential-Discontinuity (R. P. D. ) supports the 
conclusions of Fenchel and Riedl (1970). Below the R. P. D. the 
accumulation rate of organic material available to micro-organisms is 
greater than the rate of oxygen input sufficient to oxidise this 
material and hence anaerobic reducing conditions develop. Thus, 
within Spartina marsh, the high silt/clay content, which decreases 
circulation of interstitial water and thus oxygen, and also reflects 
a high organic content, raises the R. P. R. nearer the sediment surface. 
The high interstitial water content of sediment within 
Spartina, at Site B is also associated to some extent with the high 
silt/clay content. The capillary force exerted by small particles of 
sediment allows greater retention of water against evaporation and 
slower drainage through the sediment, than larger particles 
(Webb 
1958). The presence of spartina also affords some shelter 
from strong 
air currents and hence reduces evaporation of the surface 
layer of 
water. other factors such as permeability of the underlying rock and 
freshwater seepage from above MHWS may also affect 
the interstitial 
water content of the sediment, but are not universal 
features of 
Spartina marshes. 
Thus the differences found between sediment properties 
108. 
inside and outside Spartina, particularly at Site B, can be explained 
largely by the spread of the Spartina itself, and by consequent rapid 
accretion of large quantities of silt. The similarity in particle 
size inside and outside Spartina at Site E probably accounts f or the 
lack of other consistent differences between sediment characteristics. 
At both sites the negligible variation in salinity between 
Spartina and open mud is most unlikely to account for any variations 
in invertebrate abundance. In addition, the minimum salinity encount- 
ered (12.08%)q which was considerably lower than the rest, was above 
the known minimum tolerance of all the invertebrates encountered 
(Table 
in view of the largepotential food source available to 
deposit- and suspension-feeders within the Spartinag it is surprising 
perhaps that few species appear to thrive within the swards and some 
are absent altogether. For species other than Corbphium and Hydrobia, 
studies were made only on distribution and densities. These findings 
will be discussed and interpreted in the light of previous workers, 
findings. Discussion of my more detailed studies on Corophium and 
Hydrobia is presented later. 
i. Arenicola. 
of those invertebrate species encountered in the study, 
two (Arenicola and were completely absent 
from within the 
extensive Spartina, swards, Although Arenicola 
is considerably resistant 
to anaerobic conditions (Hecht 1932)9 it is absent 
from very fine 
particled mud which would otherwise clog 
its respiratory surfaces 
ýEltringham 1971). In additiong the high silt/claY content 
with 
accompanying high interstitial water content, which 
together produce a 
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soft, fluid sediment within the Spartina sward at Site By would make 
burrowing very difficult, since Newell 0972) states that if the 
sediment remains in a semi-fluid state for long, Arenicola is unable 0 
to grip the walls of a burrow to penetrate deeper into the mud. The 
total absence of Arenicola from within the Spartina clumps at Site B 
may also reflect difficulties in burrowing and respiration sinceg 
although the silt/clay contents are lower than within the extensive 
swards, they are still considerably higher than the corresponding 
values within Spartina clumps at Site E where Arenicola does occur. 
At both Sites B and -7, predation of Arenicola, by shorebirds such as 
the Curlew (P. C. 6mith pers. comm. ) and Bar-tailed Godwit (Smith 1975) 
accounts only in small part for the smaller winter densities, since 
both birds feed chiefly at iower tidal levels. Spawning of 
Arenicola in Great Britain has been reported in the autumn (Duncan 
1960) and in the spring (Howie 1959) and is usually followed by a 
407,, mortality among adults (Newell 1948). Without detailed inform 
ation on spawning at Lindisfarney it is obviously very difficult to 
interpret properly seasonal changes in distribution and abundanceg 
the more so since young Arenicola may move to lower tidal levels 
during their first year of life. 
Macoma. 
Macomal the other species absent from within Spartina 
swards, burrows normally to a depth of between 5 and 10 Cm. The 
extensive root network of Spartina may adversely affect its ability 
to burrow, although its presence within the Spartina clumps at Site B 
in the winter and Site E in both the summer and the winter suggest 
that this effect is not very great. Newell ý1965) discovered an 
-Aid 
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increased density of macoma in sediments with a higher silt/ clay content. 
However, both Fraser ý1932)' and Dunn (1967) found that above a certain 
maximum silt/ clay level q Macoma was absent altogether. Although they 
both defined silt differently from this study ýFraser: - as that 
fraction less than 50p in diameter; Dunn: - as that fraction less than 
63), in diameter) , the maximum silt/clay levels found for macoma 
(between 6OTo and 80fo by Dunn and 707o by Fraser) were comparable witn 
the values of between 767c and 98.5% which I obtained for a siightly 
coarser silt ýmean diameter 126 
t B. 2p) within the Spartina sward 
on transect BS. Van Benthem jutting (1959) suggested that the strong 
reducing conditions associated with high silt/clay contents are detri- 
mental to kacoma although Dunn round high densities of , coma ýup to IV-Ta 
1645 per m2) in an area where the R. P. D. was only 1 cm below the 
surface. Fraser suggested that a high silt content in the water might 
I biock the breathing apparatus but there is m experimental evidence to 
support this. Howeverg Loosanoff and Tommers ýcited by Jorgensen 1966) 
found that increased concentrations of silt depressed the filtration rate 
of the suspension feeding bivalve Crassostrea viginica. Since Macoma 
can behave as a suspension feeder (Braf ield and Newell 1961) 9 Dunn 
suggests that high silt contents of both sediment and overlying water 
would have a similar depressive effect on the filtration rate of 
Macoma, This may indeed be the case within the extensive Spartina 
swards although it is also possible that the extremely shallow R. P. D. 
(3 mm below the surface within the Spartina sward at Site B) may reflect 
considerably more unf avourable conditions f or Macoma than at 
the site 
where Dunn bund. a density of 1645 per m2. The high interstitial water 
-. 919 
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content and consequent fluid sediment within the f2artina sward on 
transect BS may also prevent Macoma both from burrowing easily and 
moving horizontally across the sediment surface (as described by 
Brafield and Newell 1961) by reducing the grip offered by the sediment 
to the foot. In those places where Macoma did occur at Lindisfarne, 
the tendency for summer densities to be higher than winter ones at 
both Sites B and E: may ref lect a considerable loss in the autumn, 
possibly through predation, or by emigration to lower tidal levels. 
iii. Nereis 
Although Nereis was absent from the extensive Spartina 
sward at Site B9 its presence in swards at both Sites W (up to 
1200 per m2) and Fenham Mill (up to 1300 per m2) indicates that it 
can survive well in Spartina. The higher densities of Nerei. s towards 
MHWS, together with its distribution limits of 150 m downshore from 
MHWS at Site B and 60 m downshore at Site E and Fenham Millq are 
characteristic of its upper shore distribution as noted by Stephen 
(1930) and Brady (1943). Its ability to survive in conditions of 
varying salinity (bmith 1955a, 1955b, 1956) probably account for its 
existence in upper shore zones where freshwater runoff is likely. 
Unlike Arenicola, Nereis is unlikely to be affected adversely by the 
high silt content within the Spartina swards. its catholic f eeding 
habits indicate that it is a far more active animal than Arenicola. 
[Perkins (1958) examined the gut contents and detected diatomsq 
turbellarians, nematodes, polychaete chaetae, copepods, ostracods, 
appendages of other arthropods, copepod eggsq vegetable matter and 
detritus]. This suggests that it emerges freely from the sediment 
during high water and hence respiration would not be affected adverse- 
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ly by a high silt/clay content. At low water the head of Nereis 
emerges f rom the burrow and passes undulatory waves down the body 
which draw in a series of air bubbles which are then trapped between 
the body and the tube. When they have reached the posterior end of 
the body, movements cease and the bubbles are held against the body 
for a few minutes before a further set of irrigation movements is 
set up (Newell 1972). Hence Nereis can exist in anaerobic sediments 
during the low tide period. 
iv. scoloplos. 
Since 
'Scoloplos 
usually avoids the black reduced layer 
(Vader 1964), it is surprising that it was found within the extensive 
Spartina sward at Station BS 90 where the depth of' the R. P. D. was only 
3 mm. Brady ý 1943) also noted the absence of 6coloplos f rom "highly 
organic soilso. Scoloplos f eeds in a similar way to Arenicola, by 
extrusion and retraction of the proboscis (Newell 1972). However, it 
has no permanent burrow (Vader 1964)ý but moves continually through 
the oxidised layer of sediment and is never found on the surface. lt 
has a wide intertidal . 
distribution prady 1943 9 Ladle 1966), tending 
to prefer sand containing appreciable quantities of organic debris 
(Stephen 1930). Brafield (1964) noted that it was abundant only 
between mean percentage saturation values of 3 to 8.57,, oxygen, although 
this may reflect optimum food conditions rather than its tolerance for 
oxygen. From these previous observations it is clear that the sedi- 
ment found within extensive Spartina swards is probably unsuitableg 
being largely anaerobic with a very shallow, fluid, oxidised layer in 
which the animal could burrow. Highest densities of Scoloplos, at 
both Sites B and E were found in open mud where the absence of the 
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Spartina root system may allow much easier burrowing. 
v. Carcinus. 
ii-%e total absence of Carcinus f rom open mud almost 
certainly reflects the lack of shelter available. Garcims colonises 
a wide range of habitats from rocky shores to mudflats and saltmarsh 
pools, but is clearly most abundant where shelter is available 
ýGreen 1968). Within the swards and clumps of Spartina by day, 
Uarcinus is sheltered from predatory birds ýe. g. gulls) and can easily 
burrow beneath the surface of the finev soft, fluid sediment. Naylor 
(1958t 1960) discovered rhythmic patterns of locomotory activity in 
carcinus, with peaks coinciding with high water and darkness. it 
seems possibleg therefore, that Carcinus may emerge from the Spartina 
during the night or high water period. and f orage f or f ood on the open 
mud or under water. it is a generalised predator, eating most things 
that it catches or finds kGreen 1968). During the low tide periodý 
respiration in the blackq largely anaerobic sediment found within 
Spartina', can be achieved by Carcinus raising the openings between its 
antennae above the sediment surface and taking bubbles of air into the 
gill chamber. These are passed through the water bathing the gills by 
the action of the scaphognathite ýArudpragasam & Naylor 1964a, 1964b). 
vi. Littorina (Isaxatili I 
Higher densities of Littorina within Spartina at both 
sites B and E may also partly reflect the shelter offered by the 
Spartina. Green (1968) states that Littorina feeds on detritus, 
diatoms and other small algae which are scraped from the surfaces 
over which it moves. Although diatom densities were low within 
Spart. ina, there were high densities of bacteria kMeyer 1973) and 
large 
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amounts of detritus for the animals to feed upon. Also, bpartina clumps 
provide a stable anchorage system around which filamentous algae grow 
in large quantities. At Site B higher densities of Littorina within 
the clumps than within the sward could have arisen because of several 
factors. Although Littorina can use aerial respiration (Sandison 1ý66, 
19b7) and thus easily survive within the Spartina swards during low 
tide, the food available may be more attractive within the clumps 
where more green alga was present, Also, browsiijg excursions by 
Littorina may be more frequently stimulated among the more wave- 
exposed clumps than within the sheltered extensive swards. 
[Newell 
0958). found that the closely related Littorina littorea requires 
the stimulation. of increased wave action, such as occurs during flowing 
or e-bbing of the tide, to initiate 'browsing]. 
vii. Corophium. 
At 6ite B, both in summer and winter, the distribution of 
Corophium suggests a reluctance or inability to colonise Spartinag 
particulariy the extensive swards. This was supported by findings 
at Site W where the species was restricted to the landward end of 
the 
sward. Although it was present within the sward at Fenham Mill, 
densities were very low ýless than 500 per m2). However, at Site B 
during winter, the density within the spartina increased noticeably 
while that on the open mud decreased and the species was absent more 
than 150 m downshore of khw6. These points require considerationg 
as do the larger mean size and weight of Corophium within 
Spartina 
during I)ecember and the larger mean size during May. 
Before discussing the factors which might have brought 
about the particular distribution of Corophium at 
Lindisfarne, it is 
-. 19d 
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necessary to consider to what extent the June and December estimates 
of COrophium distribution and abundance were representative of the 
true situation. Clearly, over a period of months, movement is an 
important element of the distribution of mobile species such as 
corophium. Migrations of Corophium populations have been recorded by 
Quatrefage (cited by Bates and Westwood 1863) who stated that animals 
migrate upshore at the end of April and return suddenly at the end of 
October, and by Watkins (1941) who found that during the course of a 
year, a population on the River Dovey also shifted, probably because 
of mud drying out in the summer. In addition to movements of whole 
populations, movements of individuals within populations have also been 
observed. Meadows and Reid (1966) noted that larger animals do not 
remain permanently within their burrows but emerge after one or more 
days and explore the surface of the mud, periodically moving to new 
burrows. Morgan (1965) found that corophium in the laboratory 
responded to reduced hydrostatic pressure by swimming, and observed 
in the field that they left their burrows on the incoming tideq crawled 
on the mud surface and then tended to swim more as the tide ebbed. 
Similar observations were made at Site B when Corophium were seen to 
be swept along by the tidal current f or up to a metre while swimming. 
Under such circumstances it seems unlikely that they would return to 
their original burrows. These observations all suggest that the move- 
ments demonstrated in the dye experiments were not induced by the 
experiment itself. The degree and form of movement indicated a small- 
scale multi-directional movement of individuals within a population. 
It is unlikely that such movement permits a regular large-scale 
inter- 
change of animals over the 140 m separating transects BTA and BS. Also, 
no major changes in sediment occurred at Lindisfarne which might 
have 
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induced a whole population to move (as observed by Watkins). I 
conclude that although small-scale movements within separate areas, 
such as the Spartina, sward or the open mud, will take place (together 
with a little movement across the border between Spartina and the open 
mud)9 the June and December distributions of Corophium adequately 
represent relatively permanent seasonal distributions, rather than a 
dynamic balance involving continual large-scale movement of a majority 
of animals between the Spartina and the open mud. If such movements 
had occurredg no differences would have been expected in lengths or 
weights of animals in the two habitats, yet such were found. 
Before discussing further the spatial and temporal 
differences in Uorophium densitiesq comparisons to be made are summar- 
ised in Table 329 together with indications of their reliability. 
Although Meadows (1964a) demonstrated that Corophium 
preferred fine sediments, my study of habitat selection at Lindisfarne 
clearly indicated that, at above 50% silts Corophium, was either present 
in very low densities or absent altogether. The fact that f ive out of 
six stations with silt/clay contents higher than 507o occurred within 
Spartina suggests how spartina might affect Corophium, i. e. through 
sediment factors associated with it. The tendency, albeit non-signifi- 
cant, for Corophium to remain swimming longer above Spartina sediments 
than open mud further suggests that the sediment within Spartina swards 
may be unattractive to Corophium for reasons other than particle size. 
Meadows (1967) showed that previous experience in atypical substrate 
did not alter the preference of Corophium for typical substrate. It 
seems unlikely therefore that uorophium swam longer over Spartina 
sediment because they had existed previously in a different substrate. 
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MBLE 32 
SummarY of Possible comparisons between COroPhium densities 
Within Spartina open Mud 
Comparison 
WINTER WINTER 
101-1 reliable 
7 
Comparison much Comparison 
less reliableg much less 
large-scale move- reiiable, 
ments more likely large-scale 
movements 
more likely 
Comparison 
SUMMER SUMMER 
reliable 
ýSmall-scaie movements 
which are unlikely to 
affect comparison) 
N. B. This table of possible comparisons applies also to 
the discussion of Hydrobia results presented later. 
Ag 
ligo 
more probably, any preference that existed for open mud was a genuine 
avoidance of the sediment found within Sparti . 
The absence of Corophium from sediment within Spartina 
may be associated with the very shailow R. P. D. (3 mm below the surface 
for all three stations within the Spartina sward on transect BS) - 
Delage (1881) stated that Corophium, was not found "if decaying organic 
detritus renders the mud black", and both Hart (1930) and Gee (1961) 
noted the absence of Corophium from black, sulphide-smelling mud. 
Although Corophium has been shown to prefer anaerobic mud to aerobic 
mud (Meadows 1964a, b), it seems likely that the highly reducing 
conditions 3 mm below the surface of the Spartina sediment, with the 
attendant high concentrations of sulphides and hydrogen sulphide ýup 
to 700 mg per 1 in the interstitial water of sediment - Fenchel and 
Riedl 1970) may deter Corophium f rom burrowing. The high interstitial 
water content within the Spartina sward may also act as a deterrent by 
preventing construction of stable burrows in the fine silt. Gee (1961) 
claimed that Corophium inhabits the areas where the water content is 
not much above 407c; whereas within Spartina swardsq the water content 
was approximately 70%. 
The increased density of Corophium at the landward end of 
transect BC in winter is difficult to interpret since no winter sedi- 
ment parameters were measured. A lowering of the R. P. D. during winter 
(Perkins 1957) may account for the presence of corophium within the 
Spartina sward. ýBS 30) and the greatly increased density at BC 909 
although there was no direct evidence that the R. P. D. was lower. The 
dramatic decrease in transect BM could reflect greater predation on 
the open mud , or greater exposure to winter climatic conditions. 
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The establishment of an exclosure on transect BM during 
the winter of 1973/74 produced a major difference between densities 
inside and outside the exclosure by spring. It seems unlikely that 
this was due entirely to predation by Redshank, for reasons stated 
earlier (see Chapter 5, v, p 58 ). Even assuming an equal degree of 
predation by Dunlin, and the likelihood of some predation by f ish 
species (such as the Flounder), it is unlikely that this would account 
f or the discrepancy between the exclosure estimates and direct 
observation estimates of Corophium removal by Redshank. Kore probabiy, 
this discrepancy was due to movement of Gorophium into the exclosure 
because of the higher silt[clay content f ound there. Although my own 
examination of Corophium density in relation to silt/clay content was 
inconclusive, the work of' meadows (1964a) indicated clearly that, within 
the range of particle size encountered in and around the exclosure, 
Corophium preferred finer sediments. 
Despite the somewhat irrelevant exclosure results, direct 
observations indicated that just under 300 items of Corophium size were 
removed f rom each square metre of open mud at Site B during the winter 
season. Analysis of gut contents of Redshank at Budle Bay showed that 
Corophium was indeed taken, but since other small species were found 
ke. g. Hydrobia, Littorip, ý) which could not be distinguished 
from 
2 
Corophium by field observation, less than 300 Corophium per m were 
removed by Kedshank during the season. Clearly predation aloneq 
by 
Redshank and the other less important shorebird predators, will not 
explain the winter drop in Corophium density from approximately 
2000 per m2 to less than 500 per m2 for much of 
transect BM. it is 
possible that climatic factors (e. g. the washing away of sediment 
during autumn gales) may have had greater impact on 
the more exposed 
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population of Corophium in the open mud. 
The larger Corophium f ound inside the Spartina, could 
either indicate lower mortality.. within the Spartina or a net movement 
of older size classes into the Spartina. Although older size classes 
move more than younger ones (Meadows and Reid 1966) 9 it seems unlikely 
that wholesale migration of larger animals would take place to an area 
where much of the sediment may be unfavourable to Corophium because of 
the shallow depth of the R. P. D. Since Redshank prefer Corophium above 
rmn in length (Goss-Custard 1969) and negligible predation by shore- 
birds was observed within the Spartina, it seems likely that removal 
of larger Corophium on open mud may have reduced the mean size of 
animals there to below that found within the Spartina. In additiong 
the greater size of Gorophium within the exclosure was due mainly to 
a larger percentage of the 6-7 mm size class. The dif f erence between 
size of uorophium inside and outside the exclosure is not great enough 
to be explained by differential movement as described by yieadows and 
Reid (1966). Yloreover, no evidence of greater movement amongst the 
larger size classes was found in the experiments at Site B. 
The difference between dry weights of Corophium inside 
and outside Spartina, in December is not easy to interpret. It is 
surprising that the difference was not maintained until the summerg 
at least among the larger animals where it is conceivable that 
differ- 
entials would have been greater. This implies that during spring 
either Corophium outside Spartina put on weight faster 
than those 
inside, or there was selective death of lighter 
individuals outside 
Spartina. Alternatively, the difference detected in winter was not a 
true one. In this context, it should be remembered 
that fewer animals 
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were available from within Spartina than from outside and hence mean 
values were based on different sample sizes. moreover, these differing 
sample sizes may have biased the result from a whole area in favour of 
one station from that area. Henceq there may be undetected variations 
within areas which make true comparisons between areas difficult. 
Assuming the winter difference to be trueg either food supplies outside 
bpartina were at a level sufficient for normal Corophium growth and 
maintenance, whereas food supplies inside Spartina were in excess ýthus 
resulting in energy storage), or those inside were sufficient for normal 
growth and maintenance of Corophium and those outside were deficient 
for optimum growth of Corophium. Since by far the largest densities, 
even in winter, were found outside Spartina, the latter seem very 
unlikely. Little is known about energy storage in amphipods and further 
work is clearly needed to determine whether the weight differences were 
true ones and if so, what accounted for them. 
viii. Hydrobia. 
At Site B the distribution of Hydrobia indicates a greater 
tolerance of Spartina than that shown by Corophium, although Hydrobia 
was found in appreciable numbers only beyond 60 m downshore from MHWS 
in both summer and winter. At both Sites W and Fenham Mill, Hydrobia 
was absent from the sward, which in both cases did not extend downshore 
beyond 60 m from MHWS. In contrast, at site El Hydrobia distributions 
in both summer and winter indicated a strong preference for the Spartina 
area. As with Corophium, some light may be shed on factors determining 
this distribution by consideration of the greater size of Hydrobia 
within Spartina, at Site B9 both in June and September. 
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Before discussing these factors, it is again necessary to 
consider the importance of movement as a determining influence in the 
distribution. Hydrobia can of ten be observed moving over the mud 
surface at low water. Newell (1962) described a cycle of behaviour at 
Whitstableg Kentq which is closely linked with the tidal cycle. After 
the tide receded, animals crawled on the surface before burrowing for 
several hours, resurfacing and launching themselves on the surface film 
of water between ripple marks and then floating on the incoming tide. 
When stranded by the ebbing tide, the animals browsed and orientated 
themselves to bring them back approximately to the place where they 
started. Anderson (1971) reported large scale movements on the Ythan, 
and mentioned one mass exodus by an upstream population which floated 
down on the ebb tide and returned on the flow. He concluded that this 
was an important dispersive mechanism in the life cycle. Vader (1964)t 
working in the Netherlands, claimed that Hydrobia browsed on the mud 
surface at High Water and burrowed when the tide receded. He found no 
evidence of the inherent cycle of floating behaviour suggested by 
Newell. Wood (1972) working at Budle Bay, found that marked animals 
dispersed more quickly from open mud than from areas of Enteromorpha. 
In view of this body of supporting evidence, I conclude 
that the move- 
ment detected at Site B was natural and not experimentally 
induced. 
2 However, the degree of movement detected there (approximately' min 
19 tides) is not large enough to account for major changes 
in distri- 
bution of Hydrobia populations throughout 
the season. My observations 
did not reveal large-scale floating during 
the high water period. As 
for corophium, I conclude that my distribution results 
for Hydrobi 
represent a relatively permanent seasonal distribution of animals rather 
than a dynamic balance involving movement of a majority 
of animals 
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between Spartina and the open mud. The greater mean size of animals 
within Spartina at 6, ite B supports this since if there was a continual 
exchange of animals, one would expect mean lengths to be the same. 
As for Corophium, comparisons to be made, and indications 
of their reliability, are summarised in Table 52 (p. 118). 
Although Newell (1965) found the greatest densities of 
Hydrobia within the finest deposits, this was not the case at Lindis- 
f arne. Within the Spartina sward at Site B where the highest silt 
contents were f ound, Hydrobia was virtually absent f rom the f irst 60 m 
of sward, and beyond this densities were slightly less than those 
outside, both in summer and winter. Yýy study of habitat selection in 
Hydrobia indicated that above a 507c silt content, there was an inverse 
relationship between density and silt content. Since all stations with 
silt contents greater than 505 occurred within Spartina, these high silt 
contents may account f or the absence of hydrobia f rom the f irst 60 m of 
sward. The general absence of Hydrobia f rom the upper sward at Site B 
could have resulted from the very shallow R. P. 1j. This seems unlikely, 
however, since Hydrobia was present at Station BS 90 in the summer when 
the R. P. D. was only 3 mm below the surface. in any case, one would not 
expect Hydrobia to be as affected by depth of R. P. D. as Corophium since 
Hydrobia does not burrow so deeply or for so much of the low tide period 
as the latter. Observations of the incoming tide indicated that of the 
three transects at Site B9 the upper part of BS was the last to be 
covered. Spartina may thus have raised the sediment within the first 
60 m of the sward to a level equivalent to that Of the first 
30 m of 
transects BC and BM where Hydrobia was scarce or absent also. 
Stopford 
(1951) found that ý; rdrobia began to die after 4 days in 
dryness and this 
may account for its absence from the shore zone which 
is reached only 
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by the higher spring tides. 
Although after a few tides, the degree of movement by 
HydrObia dif f ered in areas of Spartina. and open mud, both in distance 
covered and percentage remaining in original area, after 19 tides 
results were similar in the two areas. Thus the evidence does not 
indicate whether hydrobia within Spartina move more or less than those 
outside. 
At Site E Hydrobia densities increased in direct proportion 
to silt content, as found by Newell (1965). Within the Spartina', the 
silt contentsq although on average higher than those outside, were not 
significantly so. Nevertheless, it is possible that higher bacterial 
populations within the Spartina, together with accumuiation of f ila- 
mentous green algae around the Spartina clumps, may have attracted the 
. 
Hydrobia (Wood 1972). 
Autumn mortality may have been less severe than in 
Corophiumq since the differences between summer and winter densities 
and distributions of Hydrobia were less marked. At the end of the 
season, the absence of a diffBrence between hydrobia densities inside 
and outside three of the four exclosures could partly be explained by 
a lack of predation, but free movement in and out of the exclosures 
is a viable alternative explanation. During Spring 1973 at Site By 
the growth of filamentous green algae within the exclosure may have 
attracted Hydrobia, as demonstrated by Wood ý1972). Neverthelessq 
predation of Hydrobia did take place since they were discovered 
in the 
0 
gizzards of Itedshank from both Budle Bay (Site B) and Elwick ýSites 
E 
and W). However, results suggest that the impact of bird predation on 
Hvdrobia numbers is small. 
- "Ve 
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The larger Hydrobia found within Spartina could ref lect 
lower mortality within the Spartina or a 'net movement of older animals 
into the Spartina. There is no evidence either that older animals 
move more than younger ones or that any net movement into the S2artina 
took place. Fredation by Redshank over a period of time, albeit at a 
low rateg could account for the difference in Hydrobia size between 
the Spartina and open mud. It is possible that mortality from climatic 
f actors would act dif f erentially on Hyd. robia in the two habitats although 
there is no evidence to support this. At Site E, the lack of signifi- 
cant size difference may reflect the small sampie size from the open 
mud or equivalent predation pressure inside and outside the Spartina. 
, since no bird studies were made at Site Ef it is difficult to draw 
conclusions. howevert the less dense Spartina with its intervening 
patches of open mud may have allowed shorebirds to penetrate further 
into the areas of Spartina than at Site B. 
Shorebirds feed as the tide ebbs and flowsq many on open areas 
where they can see predators approaching and where they can flock. Most 
rely on visual cues for detecting their prey and therefore concentrate 
where the prey is active or visibleg often near the tide edge. species 
which feed in Spartina or on open mud at high levels may do so (a) 
because they have to feed throughout the tidal cycle in order to obtain 
sufficient food to balance energy loss, or (b) because they choose to 
feed among the clumps. 
ýa) Goss-Custard 0969) found that Redshank on the River 
Ythan f ed for more than qWo of the available daylight hours 
during the 
period from (yctober to February. b-vans k1974a, 1974b) obtained similar 
results for Redshank, Dunlin and Grey plover at Teesmouth. These 
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findings are reflected in the relatively high indices of occurrence 
and feeding for Redshank and Dunlin at Sites B and W. In the case of 
the Grey Plover at Lindisfarneq the low indices of feeding at Sites B 
and W probably ref lect the low winter numbers ýTable 33) with f ew 
'birds scattered over a wide area. (The other species with low winter 
numbers is the Turnstone which is more characteristic of rocky shores 
than the sand and mudflats at Lindisfarne. ) Hence it can be concluded 
that these two species feed among the Spartina when lower areas are 
flooded, out of necessity. 
kb) As well as needing to feed among Spartina either side 
of high water, many Red-shank also fed there during the low tide period 
when other areas were available ýFigs- 56 and 57). in contrast, J., )unlin 
at Site B were absent from the s2artina during the low water period. 
Although this was not so evident at Site -vy, it is probable that a more 
lengthy observation programme there would also have indicated peaks of 
Dunlin occurrence immediately before and after high water. This 
behaviour indicates that D. unlin pref er to feed downshore of the Spartina 
when the tide has receded enough. 8ome Dunlin were observed feeding 
along the tidal edge where prey are of ten more active and hence easiiy 
detected.. Howeverg the rest fed on open mud between the Spartina zone 
and the tidal edge. This habit of avoiding the Spartina zone whenever 
possible may be associated with the flocking habit of Dunlin, also 
found in many other shorebird species, except Redshank and Grey Plover 
ýsee below). 
Reasons for flocking in shorebirds are not i*ui. Ly under- 
stood, but it seems likeiy that it acts as an anti-predator 
device and 
may stimulate individuals within the flock to 
feed more efficiently. 
At Lindisfarneg Smith and i!; vans k1973) found that solitarY Bar-tailed 
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TABU 33 
Maximum winter counts of shorebirds at Lindisfarne 
Species 1972173 1973174 
Redshank 1500 1200 
Dunlin 15500 220uO 
Curlew 1700 1150 
Bar-tailed Godwit 3000 6700 
Oystercatcher 1 E330 1670 
Grey plover 210 200 
ShelcLuck 600 700 
Turnstone 270 180 
Teal 320 520 
Knot 110OU 5500 
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Godwits were less successf ul f eeders than birds f eeding in flocks and 
often spent more time standing in an upright, alert Position. The 
presence of Spartina clearly makes flocking difficult or impossible 
by preventing the visual communication necessary to maintain the 
structure of the flock. Thus the Dunlin, which f eeds in tightly 
packed f locks , is more likely to pref er f eeding on the open mud than 
among the Spartina. This probably explains the general absence of 
other flocking species (Curlew, Bar-tailed Godwit, Oystercatcher and 
y, not) from the Spartina. In additiong their preferred diets (Table 
34) are found either in comparable or greater numbers below the 
Spartina zoneg and sometimes exclusively SO. AlSO9 they do not normally 
have to feed throughout the tidal cycle. 
In contrastq Redshank and Grey Plover are usually non- 
flocking birds and therefore their feeding is unlikely to be affected 
adversely by the presence of Spartina. Moreover, when Redshank are 
territorial, as was sometimes observed at Lindisfarneg spartina clumps 
may reduce visual contact between individualsq thus preventing disputes 
over territory and allowing more time for feeding. in additiont analysis 
of gut contents (Table 28) indicated that the preferred prey species of 
some Redshank at Lindisfarne came from the upper shore zone, and of 
these invertebrates, four were found mostly within Spartina. Thus a 
considerable proportion of the Lindisfarne Redshank population 
(between 
28.47o and 62.47o) are utilising areas which are largely ignored 
by most 
other species of shorebirds. 
The pref erred diet (Table 34) and non-f locking behaviour 
of the Grey plover suggests that, as well as having to 
feed among the 
Spartina either side of high water, they may choose also 
to feed there 
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TABLE 34 
Preferred diets of shorebirds 
Species Diet Location Reference 
Redshank CoroZiUM, Hydrobia, Lindisf arne See p. 95 
Littorina, Nereis, 
Zarcinus, Mytilus. 
Corophium River Ythan Goss-Custard 
(1969) 
Crangon, Carcinusq 
, 
The Wash Goss-Custard & 
shrimps , small Jones (1975) 
cocklesq Macomaj 
Hydrobia. 
Curlew Arenicola Lindisfarne P. C. Smith (pers. 
comm. ) 
it krenicolaq Lanice, The Wash Goss-Custard 
Carcinus, * Jones (1975) 
Bar-tailed Godwit Arenicola Lindisfarne Smith & Evans 
(1973) 
Oystercatcher uardium edule Drinnan (1957) 
mytilus edulis Norton Griffiths 
(1966) 
Grey Plover Nereisq Scolo-PlOs Lindisfarne M. Pienkowski 
(pers. comm. ) 
Turnstone Gastropodsq amphi- Morecambe Bay Prater (1972b) 
pods, isopods and 
decapods 
Knot iviacoma tt 
Prater (1972a) 
Shelduck Anything obtainable 2eesmouth p. R. Evans 
by sieving soft mud, 
(pers. comm. ) 
especially oligo- 
chaetes. 
Teal Salicornia and seeds Olney (1963) 
of other common salt- 
marsh plants exclud- 
ing Spartina, and 
Halimione portula- 
coides. 
l3le 
during the low water period. Evidence f or this is sparse because of 
the small number of birds involved. However, individuals were observed 
occasionally outside the study areas feeding among Spartina clumps, and 
it may be concluded that the Grey Plover has a greater degree of 
association with Spartina than many of the shorebird species, particu- 
larly the flocking ones. 
The degree of association between Shelduck and Spartina 
is difficult to evaluate, as are the factors controlling the duck's 
distribution. Despite the low Index of bleeding at Site B and its 
absence from Site W, Shelduck were observed feeding both on the sea- 
ward side of Spartinag and occasionally among the clumps. Since 
Shelduck feed by sieving through soft mud, it is possible that they 
may be attracted sometimes by the higher silt/clay content associated 
with Spartinal although further evidence would be needed to confirm 
this. 
The preferred diet of Teal (Table 34) indicates that it 
needs to f eed high up the shore and hence at Lindisf arne is 
f ound 
either among or on the landward edge of Spartina. The 
low Index of 
Occurrence at site B reflects the habit of most Teal at Budle 
Bay to 
collect f urther west along Ross Low in the corner of 
the Bay ýFig. 2). 
Mallard and Lapwing, the two remaining species of shore- 
bird observed during the study, used the S artina zone only 
for 
roosting. in this contextý it should be remembered 
that clumps of 
Spartina. can provide shelter for shorebirds 
in harsh weather, and at 
Lindisf arne were used in this way by Redshank 
during gales. 
132o 
0) Further spread of Spartina. at hindisfarne seems inevitable unless 
some preventative action is taken. However, the extent and form of 
future colonisation is less easy to predict. It seems certain that 
the f ew rema: Lning areas of open mud at the upper shore level will be 
colonised eventually, although not necessarily by extensive swards. 
In exposed areas with coarse sediment ýe. g. Site E) growth is likely 
to be less vigorous, with more patches of open mud remaining than in 
sheltered areas. In the long term extensive swards may become affected 
by Idie-back, al 4 
though patches of open mud formed in this way are 
likely to have similar sediment characteristics,, and hence similar 
faunas, to the rest of the sward. 
Further spread of Spartina at Lindisfarne could affect 
the shorebirds in three ways. pirstly, it may reduce the area of 
Zostera available to Wigeong Brent Geese and whooper Swans. I did not 
observe these species feeding in my study areasq although P. C. Smith 
ýpers. comm. ) noted Wigeon feeding for between 8- 13%o of the daylight 
hours within Spartina, swards near Fenham Mill during the winterg 
particularly in December. Neverthelessq encroachment of Spartina 
into 
the landward end of the zostera beds may seriously affect 
these species, 
especially as several fungal infections of Zostera 
have been reported 
at Lindisfarne. Ranwell and Downing 
(1959) noted that Spartina 
reduced the area of upper shore zone saltmarsh plants on 
the South 
Coast and hence restricted the diet of Brent Geese 
there. At 
Lindisfarne Brent Geese feed mainly out on the open 
flats and it is 
doubtful whether Spartina would affect the Geese 
in this way, although 
it may have done so in the past. Use of Spartina might well 
be greater 
if wildfowling were restricted. Olney ý1965) concluded 
that reduction 
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of Spartina would be necessary to increase the food of the Teal and 
this would seem to be the situation at Lindisfarne. 
Secondlyq further spread of Spartina along the shore 
could lead ultimately to colonisation of all the upper shore zone at 
Lindisfaxne, thus reducing the feeding time availabie to shorebirds. 
The worst affected will be those flocking species which need to feed 
for most of the tidal cycle ý e. g. I)unlin) , particularly during short 
daylight hours and harsh climatic conditions, As there is a downshore 
limit to the spread of Spartinal other flocking species which feed only 
for part of the tidal cycle are unlikely to be so seriously affected. 
Non-flocking species ýe. g. Redshankq Grey Plover) are 
unlikely to be seriously affected if remaining areas of open mud a-Long 
the upper shore are colonised by Spartina clumps. However, if 
extensive swards developý the Grey Plover may have its 
feeding area 
seriously reduced. The itedshank, though, with its wide range of 
recorded prey items ýTable 34), may be able to supplement 
its diet by 
feeding elsewhere, e. g. on the fields at High yjater ýwhich 
Grey Plover 
will never do) or further down the shore. 
Finallyq in areas of coarse sedimentg further spread of 
Spartina may benef it shorebirds initially by increasing 
the nUmbers 
and diversity of potential prey species amongst 
the 8partina clumps, 
as at Site E. 
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PENDDr- I 
Methods of sediment analysis 
Estimation of organic carbon 
a. Walkley Black wet oxidation method. 
outline (Full details given in Morgans 1956) 
oven-dried sediment is oxidised by potassium dichromate 
in the presence of concentrated sulphuric acid. No heating is 
employed. The chromic sulphate formed is titrated against ferrous 
sulphate in the presence of phosphoric acid, using diphenylamine 
indicator. 
N. B. In my study silver sulphate was dissolved in the 
sulphuric acid to precipitate any chlorides present in the sediment. 
b. Tinsley-modified Walkley Black method. 
outline (Full details given in Tinsley 1950) 
. after addition of 
the potassium dichromateg sulphuric acid 
and phosphoric acid to the oven-dried sediment, the mixture is heated 
under a reflux condenser for one hour and then allowed to cool. 
Titration is as described f or the normal ývalkley Black method. 
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ii. Estimation of nitrogen using the Yjeldahl semi-micro method. 
outline. (Full details given in Viann and Saunders 1960). 
Oven-dried sediment is digested in a Kjeldahl flask over 
a micro-burner f or 50 minutes, using concentrated sulphuric acid and a 
catalyst consisting of potassium sulphate and selenium powder. Af ter 
cooling, the flask is attached to steam distillation apparatus. A 
mixture of sodium hydroxide and sodium sulphide is then added to the 
digestion mixture to release the ammonia. The ammonia is distilled 
into a saturated boric acid solution which is then titrated against 
hydrochloric acid using methyl-red/ methylene- blue indicator. v 
A blank estimation is made to check purity of the reagent 
using A. R. glucose in place of the sediment. The volume of hydrochloric 
acid used is then subtracted from the titres obtained in the sediment 
analysis. 
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Estimation of siltl"clay fraction of sediment 
Outline ýFull details given in Holme and McIntyre 1971). 
oven-dried sediment is weighed and placed in a beaker 
with tap water and sodium hexametaphosphate. The mixture is stirred 
and allowed to stand overnight bef ore washing through a 62p sieve. 
The residue is dried at 100 0C and reweighed. 
APPEIIMA 2. - 
Results from winter invertebrate sampling prog-ramme 
J. Site B. 
Sample 
BS 01. 
2. 
2 
4: 
BS 30 1. 
2. 
3. 
4. 
. Bs 
6o 1. 
2. 
3. 
4. 
BS 90 1 
2. 
3. 
4. 
BS 150 1- 
2. 
3. 
4. 
1. 
2. 
3. 
4. 
BC 30 -1 . 2. 
3. 
4. 
BC 90 
2. 
3. 
4. 
BC 150 1. 
2. 
3. 
4. 
BC 210 1. 
2. 
3. 
4. 
BM 01. 
2. 
3. 
4. 
BM 30 1. 
2. 
Im go 1 
2. 
3. 
4. 
BM 150 1. 
2. 
3. 
4. 
BV. 210 1. 
2. 
3. 
4. 
Corcphiu EY 
-clr 
0- 
bia 
0 
80 
70 
20 0 
31 1 
11 Q 
15 0 
60 
00 
00 
00 
00 
02 
03 
07 
06 
0 15 
0 10 
0 15 
0 22 
84 0 
106 0 
83 0 
122 0 
52 0 
42 1 
75 2 
65 1 
14 26 
21 20 
87 6 
58 
0 
0 
04 
05 
09 
03 
0 13 
0 20 
27 
62 0 
60 0 
39 0 
34 
24 
6 
3 
50 
50 
45 
0 41 
0 14 
0 15 
0 20 
0 19 
09 
08 
0 10 
0 15 
Species 
Macorra Nereis Scolo- 
plos 
0 
0 
0 
0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
o 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
2 0 
0 
0 
0 0 
2 0 
0 0 
0 0 
2 0 
0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 
0 0 
0 0 0 
0 0 0 
1 0 0 
2 0 0 
0 0 
0 0 
0 0 0 
0 0 0 
0 0 9 
0 0 0 
0 
0 
0 
0 
0 
0 0 
2 0 0 
1 1 0 
0 1 0 
0 0 12 
1 
1 
0 
0 
4 
6 
0 0 11 
2 0 12 
0 0 13 
2 0 
4 0 
Litt- 
or-ina 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
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C. a.. - - 
cir-us 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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0- 
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0 
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0 
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0 
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0 
0 
Are-l-i - 
cola 
0 
0 
0 
0 
0 
0 
0 
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1 
0 
0 
0 
0 
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0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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li. Site 2--. 
Sample Hydrobia Macoma Scolc. ýploe-; Littorina Carcinus Arenicola 
ES 30 3 to 0 0 0 0 
2. 2 0 0 0 0 0 
3. 2 1 0 0 0 0 
4. 0 0 0 0 0 
ES 60 1. 13 0 0 0 0 0 
2. 6 0 0 0 0 0 
3- 13 0 0 2 2 1 
4. 56 0 0 1 2 1 
ES 90 1. 23 1 1 0 0 0 
2. 20 0 4 0 0 0 
3. 12 0 2 0 0 1 
4. 27 1 1 0 0 
ES 150 1. 4 0 0 0 0 0 
2. 0 0 0 0 0 0 
3. 0 0 2 0 0 
4. 0 0 0 0 0 0 
Es 210 1. 29 2 0 1 0 0 
2. 12 2 2 3 0 0 
3. 10 0 2 1 0 0 
4. 29 0 2 0 0 0 
EM 30 1 0 0 0 0 
0 
1 2. 
3 1 0 
0 
0 
0 
0 0 1 
. 4. 1 0 0 0 0 0 
E. NI 6o 1. 0 0 1 0 0 0 
0 
0 2. 
3 
0 
0 
0 
0 
5 
3 
0 
0 0 0 
m 
. 4 0 0 0 0 0 
0 
EM 90 
. 
1 16 6 
0 
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0 
0 
2. 
3 
1 
0 
0 
0 9 0. 0 0 
w 
- 4 0 0 0 0 0 
0 
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. 
0 5 0 0 0 0 2. 0 0 16 
6 0 0 0 3. 0 0 
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ii. 
_Results 
of Cgro-plij urn rcý-,, -, Lonse exLerimeLf, -in 
t, 4e 
-field. 
a. Spartina (transect BS) 
Minutes No. of 
after Number of Corophium observed swimming observations 
intro-- 
duction 
1- 4 19,24) 1 2ý200904,199 189 1098913999493. 15 
5- 8 2490,0,14710ý77191- 8 
9- 12 17,393. 3 
13 - 16 2290,2910 4 
17 - 20 09110. 3 
b. Open mud (transect BM 
Minutes No. of 
after Number of Corophium observed swimming observations 
intro- 
duction 
1 
-4 9,11,591. 
4 
5 -8 81990. 
3 
9- 12 1090.2 
13 - 16 -0 
17 - 20 0. 
141. 
It 
0' 
W 
06 I 
co 
co 
to I U"ý C\J 0 T- K-% r- 
01% 11 rl P4 Cý Cý 
S 
co 
m 
UN 
n 0., O'l 
10 
S: 14 V) cz EQ 00 C\J T- K) 
co o WN 
pq 11 C\j 11 
ul 
-P 
U) CO 
4-ý 
co 
Klý K") Or-I 
CYN 0 
if 
0- 
N 
NH 
I-1 
z 
OD Klk 
--I 
, r- $Z x- rZ 
(L) 
co (DIN 110 C'%. j N co 0 0 0 > C\j K-) -: ý- N 0 (NI 0 oll C-ý C\j 0N 01) C\l C kD H CC) Kl\ cr, n C. - K-9 0 ID CYN !f (7) 1! co 11 0'ý V [ý- N 00 0) 11 ON 11 
m 
I 
(s s --ý 6g 6 g-. 6z (ý S-, 6z (ý z ý-i -t 
10 0 
; -4 
ýI: 1 
; 
-4 
0 
CH Q'% Ir- 
CO 'r- C-11 0" GN 
LJ7N ;I 
E 00 6 s:, - 
P 
10, bD 
Q) CY) 
H 
co 
C\j 
4-ý 
0 
i 
al 
I 
cu 
1 
P4 
E--4 
01% rcý %lo co 
K-ý K) t- t<'ý 0 0.1 0 C\j 0 K) 
Kýi o, % L-\ GN 
-4- 11 LC) It U-ý H C-- 
Z: 0 ; 7,0 Z: 0 5ý 
0 LrN 
Co 
Oil 
C; z 
Cl) 
U 
142* 
APPENDIX 5 
i. observations of shorebird species associated with Spartina 1973/74. 
Redshank - Site B. 
Numbers obse rved in study area 
Hours 31110/73 8/11173 30[1/74 3/4174 1114174 after 
High Pres- Feed- Pres- Feed- Pres- Feed- Pres- Feed- Pres- Feed- 
Water ent ing ent, ing ent ing ent ing ent ing 
1 Morning Morning morning 
2 3 
7 6 - 10 10 
7 6 - 13 12 3 3 
8 7 - 5 5 10 8 
3 3 3 - 7 7 12 12 
2 2 - 13 12 5 4 
2 2 2 2 3 3 
2 2 2 2 - 13 12 4 3 
4 4 4 - 20 20 2 2 
7 7 Evening - 5 4 8 8 
7 7 3 1 
9 9 4 4 
5 1 1 7 6 4 2 
1 1 1 1 4 2 
3 2 -- 5 5 1 1 
5 3 6 5 
6 1 1 4 4 7 7 
is-vening 3 2 
12 1 
12 
143s 
Redshank - Site B (continued) 
Numbers observed in study area 
Hours i 
after 31110173 8111/73 3011174 3[4/ 1 74 11[4[74 
High, Pres- Feed- Pres- Feed- Pres- Feed- Pres- Feed- Pres- Feed- 
Water ent ing ent ing ent ing ent ing ent ing 
7 66 
Morning Morning 77 
33 22 11 
22 43 
8 11 22 22 
21 4 88 
1 2 43 
1 55 65 76 
9 11 33 76 
11 77 Disturb- 44 
11 ance 
-- 
3 10 8 
10 1 12 12 16 8 
22 33 
22 98 22 
33 97 43 
22 95 65 
3 22 10 10 21 
1 44 10 10 32 
22 21 75 17 14 
12 33 -- 16 16 
14 
Evening Evening 
Evening 
144. 
Dunlin - Site B. 
[ - Numbers observed in study area 
H ours 
fter 31/10/73 8/11/73 3 3/4/74 11/4174 
Ifigh Pres- Feed- Pres- Feed- Pres- Feed-ý Pres- Feed- Pres- Feed- 
Water ent ing ent ing ent ing ent ing ent ing 
Morning 
Morning 
Morni ng 
2 
4 44 
44 
65 65 
3 
Evening 
5 
6 
Evening 
145. 
Dunlin - Site B (continued) 
Numbers observed in study area 
Hours 
after 31/10/'73 8111/73 301' V74 3[4[74 11L4174 
High Pres- Feed- Fres- Feed- Pres- Feed- Fres- Feed- Pres- Feed- 
Water ent, ing ent ing ent ing ent ing ent ing 
7 
Morning 
morning 
8 
9 
Disturb- 
ance 
13 13 
10 10 10 
33 44 
35 35 
113 13 
58 52 -- 
12 -- 66 
Evening 
rvening Evening 
146e 
Curlew - Site B. 
Numbers observed in study area 
Hours 
after 31/10/73 8/11/73 30[1174 3/4174 1114174 
High Pres- Feed- Pres- teed- Pres- Feed- Pres- Feed- Pres- ireed- 
Water ent ing ent ing ent ing ent ing ent ing 
Morning 
Morning 
Morning 
2 1 
3 
1 2 
4 
Evening 
5 
2 
6 
Evening 
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Curlew - Site B (continued) 
Numbers observed in study area 
Iiours 
af ter 1 31110/73 1 8111173 1 30/-1174 1 3/4/74 1 11 
High Pres- Feed- Pres- Feed- Pres- Feed- Pres- Feed- Pres- Feed- 
Water ent ing ent ing ent ing ent ing ent ing 
7 
Morning 
Morning 
8 
Disturb- 
ance 
10 
21 
12 
Evening Evening 
Evening 
148. 
Bar-tailed Godwit - Site B. 
Numbers ob served in stu dy area 
I hours ý1/10/73 8/11[73 30/1/74 3/4/74 11/4/74 after 
High Pres- Yreed- Pres- Feed- Pres- Feed- Pres- reed- Pres- Feed- 
Water ent ing ent ing ent ing ent ing ent ing 
1 Morning- Morning Mornirg 
2 
22 
22 
4 
Evening 
Evening 
............................ 
14 14 
149do 
Bixar-tailed Godwit - Site B (continued) 
Numbers observed in study area 
Hours 
af ter 
31/10/73 8111/73 30[, 1174 3141*74 11/4[74 
High Pres- Feed- Pres- Feed- Pres- Feed- Pres- Feed- Pres- ý-eed, 
Water ent ing ent ing ent ing ent ing ent ing 
7 99 
Morning Morning -- 
8 
9 Disturb- 
ance 
10 
22 
33 
12 
EVeniUo* CD 
Evening t-veni ng 
150. 
Oystercatcher - Site B. 
1519 
Uystercatcher - Site B (continued) 
Numbers o bserved in st udy area 
Hours 
after 
31/10/73 8[11173 3011/74 314/74 11/4/74 
High Pres- Feed- Pres- Feed- Pres- Peed- 
, 
Pres- Feed- Pres- Feed- 
Water ent ing ent ing ent ing ent ing ent ing 
7 
Morning 
A&orning 
8 
9 
Disturb- 
ance 
10 
22 
12 
Evening 
Evening 
Evening 
152. 
Minor Species - Site B. 
Numbers ob served in stu dy area 
Hours 51/10/73 P/11173 30/1174 3[4174 11/4/74 after 
High Pres- Feed- Pres- Feed- Pres- Feed- Pres- Feed- Pres- kleed- 
Water ent ing ent ing ent ing ent, ing ent ing 
1 Morning Morning morning 
2 
is is 
is is 
2S 2S 5B 
3 is is 3B 
2M 
4 
h1irening lTu, lTu 
1GB 
lTu lTu 
5 
6 
gvening 
2S 2s 
For key to species see overleaf. 
153o 
Minor bpecies - 6ite B (continued) 
Numbers ob served in stu dy area 
Hours 
after 31[10[73 '817 111'7 3 30/1[74 3 4[74 llL4L74 High Pres- Feed- 'Pres- Feed- Pres- Fee Pres- Feed- Pres- Feed- 
Water ent ing ent ing ent ing ent ing ent ing 
7 
morning 
Morning 
8 
9 
Disturb- 
1 Gr 1 Gr ance 
10 
1 Gr 1 Gr 2T 
1 Gr lGr 1 Gr 1 Gr 
12 
Evening Evening t-vening 
S Shelduck M Mallard bloBlackheaded Gull 
Tu Turnstone Gr Grey Plover T= Teal GB = Great Black-backed 
Gull 
154o 
Redsh 
Hours 31/10/73 
after 
High Pres- Feed- 
Water ent ing 
1 Morning 
3, nk - Site W. 
Numbers observed in study area 
8/11/73 30/1/74 3/4/74 11/4174 
Pres- Feed- Pres- Feed- Pres- Feed- Pres- Feed- 
ent ing ent ing ent ing ent ing 
Morning Morning 
Fog 
2 
3 22 8 21 
22 1 
85 2 11 21 
21 33 21 31 
4 54 
Evening 87 21 
33 
Fog 
5 3 54 
3 
6 1 h-vening 
1559 
Redshank - Site W (continued) 
Numbers observed in study area 
Hours 31/10[73 8/11[73 30[1[74 3/4/-74 11[4[74 
after 
High Pres- Feed- Pres- Feed- Pres- Feecl- 
, 
Pres- Feed- -Pres- Feed- 
water ent ing ent ing ent ing ent ing ent ing 
7 -1 - r. 31 
22 Morninz 11 1- 
32 
9 2 
3 
2 44 
2 22 
10 
8 
12 
1! ývening Evening 
Morning 
? Og 
54 
55 
22 
. hmening 
156. 
nunlin - Site W. 
,. Nu-mbers observeci in study area 
31/10/73 8/11/73 30/1/74 11/4/74 after , I Ijigh 
Water 
Pres- . Lreed- Tres- Feed- 'Pres- b'*eed- 'Pres- Feed- 
Pres- ý, eed- 
ent ing ent ing ent ing ent ing ent ing 
1 Morning 
Morning Morning 
Fog 
2 
3 66 65 -- 
250 250 
32 
53 52 
4 22 
44 Evening 44 
42 
5 
10 
Fog 
6 1 
80 80 
22 22 Evening 
157. 
Dunlin - Site W (continued) 
, 
Numbers observed in study area 
Hours 
after 31/101'73 8[11173 30[1/74 3/4/74 11[4/74 
High 
Water 
Pres- Feed- Pres- eeed- P, res- Feed- Pres- Feed- Pres- Feed- 
ent ing ent ing ent ing ent ing ent ing 
7 
iorninýg 
morning 
8 18 16 
17 17 
14 14 
9 14 9 Fog 
23 23 
22 
73 70 
10 -- 
6 
22 20 20 
11 88 
10 10 
100 100 
12 -- 
Evening 
- Evening Evening 
158. 
Grey Plover - Site w. 
Numbers observed in study area 
Hours 31/10/73 8/11173 3011/74 3[4174 11[4/74 
after , 
High Pres- Feed- Pres- leeed- Pres- Feed- Pres- Feed- Pres- leeed- 
water ent ing ent ing ent ing ent ing ent ing 
1 Morning 
2 
3 
4 
5 
6 
2 
1 
1 
1 
2 
1 
4 
1 
1 
1 
1 
Morning 
Fog 
Evening 
Fog 
Evening 
morning 
159o 
Grey Plover - Site W (continued) 
Numbers o bserved in study area 
Hours 
I 
after 31110[73 8/11173 3011[74 31 L74 11/4/74 
High Pres- Feed- Pres- Feed- Pres- Feed- Pres- Feed- Pres- Feed- 
Water ent ing ent ing ent ing ent ing ent ing 
7 
Morning 
morning 
9 
Fog 
10 
12 
Evening Evening -vening 
160. 
4 ", . 
Minor species - Site W. 
Numbers observed in study area 
Hours 31/10/73 8/11/73 30[1/* 4 74 3/4174 1114/74 
after 
High Pres- Feed- Pres- liped-, Pres- Feed- Pres- Feed- Pres- Feed- 
Water ent ing ent ing ent ing ent ing ent ing 
1 Morning Morning Morning 
Fog 
2 
3 lGo lGo 
2Gof 2Gol 
50K 50K 
lGo 1 Go 
lGo lGo 
4 
Evening 1L 
14109 
2m 
5 
6 
Evening 
For key to species see overleaf. 
161. 
Minor species - Site W (continued) 
Numbers observed in study area 
Hours 31/10173 8111173 301'1 /74 3/4/'74 11/4[74 
after Pres- Feed- Pres- Feed- Pres- Feed. - Pres- Feed- Pres- Feed- High 
ent ing ent ing ent ing ent ing ent ing Water 
7 
Morning 
Morning 
lcu 
8 
9 
Fog 
10 
lcu 
12 
h-vening p,, vening 
Evening 
Go - Godwit K= Knot 
L= LaPwing 
Cu - Curlew M. Mallard 
162o 
ii. Shorebird species associated with Spartina 1972/73. 
indices of Occurrence and Feeding 1972173 
Species 
Site 
I. of 0. 
B 
1, of F. 
Site 
it of 0. 
W 
1. of F. 
Redshank 29-31 25-99 50.65 27-82 
Dunlin 7.39 7.39 41-37 40-05 
Curlew 5.49 1.14 0.26 0.17 
Bar-tailed Godwit 1.62 1.62 2.05 1.85' 
Oystercatcher 1.88 1.88 0.25 - 
Grey plover 1.14 0.72 2.20 2.20 
Shelduck - - - - 
Turnstone 0.28 
mallard - 
Teal - 
Y'not 3.27 3. o6 - 
Lapwing - 0.17 
7 
6 
5 
4 
3 
2 
1 
CL 
V) 
0 
E 
c 
2 
1 
0 
'1 
0 
'1 
V-% I. 
t"'. . -I-. . 
0 
123456789 10 11 12 
Hours after High Water M= Birds feeding 
Seasonal mean densities of shorebirds present 
and feeding during one low tide cycle at Site B 
:., I C) 70 / 7*1 
A. .ý 4- w% -ý p% &. - k% Ph a. 
D.... (r1., i+ 
3 
2 
1 
0 
10 
9 
8 
0. 
1 
0 
2 
1 
0 
1 
r. % .. 
Grey Plover 
0 -4 1-19 
E9 
123456789 10 11 12 
Hours after High Water M= Birds feeding 
Seasonal mean densities of shorebirds present 
and feeding during one low tide cycle at Site W 
: .. -in 71 / F71 
Mft. 4.048[^A 
163. 
iii. Results of Redshank Predation Observations 1973/74, 
Site B. 
Hours 
af ter Mean feeding rate (Prey items taken[minute) of individual birds 
High 
Water 51110[73 8[11173 3/4/74 11/4/74 
2 2.0 9 2.67,9.67 21-0936.0,27.0 17,0913-2924-09 17.5 
3 6, o, 6.25.11.0, 6.3399-5925-53 33.5,29,59 21 .02 8.0913.5,16-59 
6,593.25 29#67 11.8 
4 5.593-3395.0 33-0127-59 22.0 8.0,7.6 
5 7,33 9 3.0 9 2.259 - 
7.89 ý-, 5911 -Op 
4.0 6.0,9.0,12.0 
6 - 5.098-3911.09 
11.0910-0913-75 
7 5.093-53t8.5t Ot5.6793.0 0923.0 - 
9.67 
8 3.0914,093.0 7.6797-0t7-09 14-0927-0918-09 10-8911-0 
6.33 27-0796-44t2O. O 
9 9.0,6.5 9.00-4s5-0p il. Ov2O. 2 7.0,6.5 
10.097.0 
10 12.098.097,51 6.67v22.09 16.0922.6 3.5 
14.0 12.2 
11 12-5910-0 22.0916.0923-79 12.097.0,7.09 24-0919.0 5.5 
12 - 
164. 
Site W. 
. 
1iours 
af ter 
High 
Water 
Mean feeding rate (prey items taken/minute) of individual birds 
31/10/73 8/11/73 3011/74 3/4/74 1114/74 
2 
3 19-397.0, 1 . 
67 
9 16.09 25-098.09 4.0926.0, 
2. o, 4o. o. 
10.099.0. 6.0. 7.0914-0. 3.33,31.0, 
0. 
4 14.0,13-0. - 9,095-09 24.0,42.09 
9.0. 1.5. 
5 14.5 - 19.2,2.02 - 
7.2. 
6 14.0 - 5.00 - 56. o. 
7 17.298.5* - 18-097-Ot - 
8.6,10.0, 
7.5. 
8 16.0,13.67, - 25.0,5. Ot - 29.0918.0. 
13-5. 10-5. 
9 5.5,6.59 - 4.095-33, - 
6.8,1.09 
10.0. 2.093-0. 2.9128.81 4.0. 
4 A-7-n- - 3.0. - 
3.093-09 
8m'. ' 0ý71 q> -71.893.09 
3.33.2.0. 
11 13.0916.0,12.0 9. o916.79 
8.0928.0.7.795.7. 
12 
165. 
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